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Automatic Heliarc Welding 


HE frontispiece illustrates an automatic 

process of welding aluminum as de- 
veloped by Federal Telephone and 
Radio Corporation. The process is currently 
being used in the production of cases for the new 
army field telephone switchboard.* 

The three parts that are welded are shown 
below. It will be noted that the center partition 
is slightly larger than the outside dimension of 
the case. This overhang of the center partition is 
used as a filler when fusing takes place in the 
welding operation; no filler rod is therefore 
needed. 

The frontispiece shows the operator observing 
the flow of metal and adjusting the electrode 


*“Manufacture of a Field Telephone Switchboard,”’ 
Electrical Communication, volume 29, pages 93-107; June, 
1952. 


while welding the case. The heliarc process is 
essentially electric-arc welding with the molten 
metal protected from oxidation by a flow of 
inert helium gas. The three parts of the case are 
assembled on the holding fixture, which is an 
integral part of the machine, and the entire 
perimeter of the case is then tracked auto- 
matically past the welding electrode. 

Due to small variations in materials and manu 
facturing tolerances, the operator must make 
slight adjustments of the height of the electrode 
to ensure an unbroken flow of metal while the 
machine is in operation. 

Perhaps the most interesting feature of the 
process is that despite the sharp turns at the 
corners of the case, a constant and carefully 
governed rate of surface speed is maintained past 


the electrode for the entire welding cycle. 





Production-Line Painting Methods 


By J. T. PEDERSON 


The Coolerator Company; Duluth, Minnesota 


PPEARANCE is an important factor in 
selling a product today. One may won- 
der what percentage of consumers buy 

retrigerators, freezers, or automobiles by appear- 
ance alone. It would be impossible to arrive at 
the exact number, but it is known that a large 
portion of the public buy with their eye. 

Besides appearance there are other reasons for 
applying a good paint finish. Corrosion protec- 
tion is of primary importance and is only possible 
through good metal preparation and finishing. 
The purpose of this article is to describe an auto- 
matic production-line painting system incorpo- 
rating heated-paint sprayers with electrostatic 
paint-control the 
flow of the ware through the production line, 
some of the more unique features will be taken 


methods. Before describing 


up. 


I. Paint Heating System 


Paint heaters are installed on top of the spray 
booths. These raise the paint to a constant tem- 
perature of about 140 degrees fahrenheit (60 
degrees centigrade), winter and summer. The 
system is of a circulatory type, the heated paint 
circulating back to the heater from the spray 
gun when the gun is shut off. This assures that a 
constant supply of heated paint is always at the 
spray-gun nozzle. 

The advantages of this system are numerous. 
By heating the paint, the amount of thinner re- 
quired to reduce the paint to a sprayable viscos- 
ity is lessened considerably. With less thinner, a 
heavier coat of paint can be applied without sag- 
ging or producing an orange-peel effect. Less 
thinner also means less time to cure the ware in 
the ovens, thereby saving fuel. By putting on a 
heavier coat of paint in one application, better 
coverage is obtained and also there is a saving in 
spraying time. The heated paint requires less air 
pressure for atomization and this reduced pres- 
sure lessens overspray paint loss. 

Working conditions are improved also, as less 
thinner is dispersed in the air, and there is less 
spray fog rebound from the ware. 


2. Automatic Spraying System 


The spray guns are turned on automatically 
when the ware is in the correct position for spray- 
ing. Some of the guns spray down at the top of 
the ware while others spray up at the bottom. 
Still others spray horizontally from arms that 
reciprocate vertically. The guns are turned on and 
off by microswitches operated by triggers fast- 
ened to the hooks on the conveyor chain. These 
triggers are set to turn on the proper guns to give 
the best paint coverage on whatever type of 
ware may be passing by. 

As an example, when painting refrigerator 
door liners, the guns aimed at the top and bottom 
do not operate since there is no surface there to 
be painted. In the case of a refrigerator cabinet, 
however, all guns would operate to cover the top 
and bottom of the cabinet as well as its sides. 
If no ware is hanging on the hook, none of the 
guns operate. 


3. Electrostatic Control of Paint 


If the paint particles are sprayed between two 
electrodes that are negatively charged with 
100,000 volts, the particles will acquire a negative 
electrostatic charge. This negatively charged 
paint is then attracted to the electrically 
grounded ware on the conveyor line, since there 
is an attraction between unlike charges. This 
system helps save paint since most of the paint 
that would normally overspray is attracted to 
the ware. It also helps to control the paint thick- 
ness on the surface of the ware. The electrostatic 
spraying system is used on laminated plastic- 
impregnated paper objects as well as on metal 
parts. The plastic parts are made electrically 
conductive by incorporating graphite in the 
resin solution from which they are made. 

Because of electrostatic attraction, the painted 
ware will pick up dirt particles very easily; for 
instance, it can pick the lint from the clothes of a 
person standing near by. To prevent this, the 
personnel working in the paint department wear 
starched white coveralls or coats, and the whole 
department area is pressurized to keep dirt from 
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drifting in. Observation windows are provided so 
that the automatic painting system can be 
observed without actually entering the spraying 
booth. 


4. Flow of Ware Through Finishing 
Department 


As paint will not adhere properly to an oily, 
dirty, or moist surface, the preliminary surface 
preparation is of primary importance. This pre- 
paration is called bonderizing. It consists of 
several stages of spraying systems that wash, 
rinse, and apply the proper protective coatings 
before painting. The coating applied in this 
process not only serves as a bond between metal 
and paint, but also prevents spreading of rust 
should the finish be scratched through to the 
base metal. The importance of a well-prepared 
surface before painting cannot be over-em- 
phasized. Bonderizing is accomplished in steps A 
through E indicated in the drawing below. 

After leaving the bonderizer, the part enters 
the drying oven F. It next enters the first auto- 
matic primer-spraying booth G. Just before it 
arrives in front of the spray guns, a trigger on 
the conveyor hook trips the proper microswitch 


BONDERIZER 


to actuate the automatic spray guns. By starting 
to spray before the ware is directly in front of 
the guns, the leading edge is partially covered by 
paint that electrostatically at- 
tracted to it. The reciprocating guns give com- 


particles are 
plete coverage of one side and then as the ware 
passes by the guns, the trailing edge is partially 
covered. When the ware is a little past the guns, 
they turn off. 

The ware next enters the second primer-spray- 
ing booth /7 where the guns spray from the other 
side. Here, the leading and trailing edges are 
completed, and the other side of the cabinet is 
covered. In the primer-reinforcing booth J some 
areas may be given additional coverage manu- 
ally. The ware then goes up to the roof to the 
primer oven J, where it is baked. 

After baking, at K it is inspected, sanded, 
and wiped free of dust with a tack rag, (a cloth 
coated with a semidrying varnisk that leaves the 
cloth tacky enough to pick up all dust). In three 
booths, Z, M, and JN, identical to the primer 
booths, the finish coat is applied. The ware then 
goes to the finishing oven where it is again baked. 
The last step is a careful inspection before send- 
ing the painted ware on to the assembly line. 


TO PRIMER OVEN 
ON ROOF 


MANUAL 
TOUCHING UP 


PRIMER SPRAYING BOOTHS 


DOWN FROM 
PRIMER OVEN 


MANUAL 


TOUCHING UP 


TO FINISHING 
OVEN 
ON ROOF 


ee 
Yy) DRYING OVEN 
Y, 


Arrangement of production-line painting system at The Coolerator Company in Duluth, Minnesota. 
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L. After all metal work is finished, refrigerator parts 
are hung on the conveyor chain that will carry them 
through the painting department. Note that differ- 


ent types of parts may be next to each other on the 


conveyor, and each will receive proper paint coverage 


for its type. 





~ 


2. The ware entering the bonderizer is sprayed from all 


sides to assure good chemical preparation of the metal 
before painting. Various cleaning and phosphatizing 
chemicals are sprayed on, alternating with r 





3. Below, excess solution is blown from the ware by 
means of an air hose as it leaves the bonderizer at 
the left. It will next enter the drying oven in the right 
background, 


4. On the opposite page is shown the alley in the 
center of the bonderizer booths; an operator takes 
samples of the solutions for control tests. 








% 


os 
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” 
2. Paint leaving the guns on the reciprocating arms at the left passes 


between the two bars with ionizing points. The bars give the paint particles 
an electrostatic charge that attracts them to the object being painted. 





» 


6. The author at the controls of one of the two 
100,000-volt power packs that supply the electrostatic 
charge in the paint-spraying booths. 
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7. In the manual touching-up booth, the enamel paint coat is reinforced 
along the edges after it has passed through the two automatic booths. 





coll 


8. Refrigerator parts being inspected after coming 


down from the finishing oven on the roof. Defective 
parts are removed for refinishing at the right. A 
trigger arm that starts the electrostatic reciprocating 
spray guns is encircled. The setting of each arm de- 
pends on the particular shape of the object to be 
painted, and varies the number of spray guns that 
operate. 





9. A row of finished refrigerators after assembly and final in- 


spection. These will next be crated for shipment to the dealer. 





The present trend house- 
hold refrigerators provides a 
separate low-temperature freez- 
ing compartment at the top. 


10. Below, a laboratory tech- 
nician tests a paint sample for 
adhesion by bending it around 
a conical mandrel. A tray of 


painted test panels may be seen 
on the table to the right of the 
‘guillotine’? that is also used to 


test the adhesion of the enamel 
finish to the metal. 
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Investigation of the Selenium Rectifier for Contact Protection’ 


By H. F. HERBIG and J. D. WINTERS 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


is de- 
rectifier 


VOLTAGE 


comprising selenium 


surge suppressor 
scribed 
cells connected in series (in opposed 

relation) whereby the resulting resistance is 

high at low voltages and low at high voltages. 

This combination of rectifiers, when used for 
electrical-contact protection, results in an excel- 
lent arc-suppressing device that does not materi- 
ally affect the release time of the shunted electro- 
magnet. 

The history of selenium rectifiers is well known 
and has been published in its various aspects in a 
number of articles.' The primary use of selenium 
rectifiers has been in the rectification of alternat- 
ing current for power applications. Among the 
special applications, particularly in the telephone 
field, selenium rectifiers have been used as con- 
tact protectors. 

This paper deals with an application of the 
selenium rectifier for contact protection in such 
a manner as to overcome the defect of excessively 
slow release of shunted electromagnets. This is 
accomplished by shunting the electromagnet 
with a novel arrangement of selenium rectifier 
cells. It deals also with the peak voltage de- 
veloped across contacts controlling electromag- 
nets when shunted by such a unit, with the con- 
dition of the contacts after many millions of such 


operations, and with the time of release of the 


electromagnet after the controlling contacts have 


opened, 


1. Need for Contact Protection 

The operation of a modern telephone office 
depends upon the positive operation of millions 
of electrical contacts. 


A 10,000-line office may handle an average of 
50,000 calls daily, which runs the number of yearly 
contact operations into the billions. The operation 
for the bulk of the contacts varies from 50,000 to 
15,000,000 annually.’ 


* Reprinted from Transactions of the American Institute 
of Electrical Engineers, volume 70, part 2, pages 1919-1923; 
1951 

1H. K. Henisch, “Metal Rectifiers,” Oxford University 
Press; London, England, 1949; pages 131-155. 

2 P. W. Swenson, “Contacts,” Bell Laboratories Record, 
volume 27, pages 50-53; February, 1949. 


Contact erosion is the cause of many circuit 
failures in telephone offices and in many systems 
using relays and switches for controlling electri- 
cal circuits. Erosion is due to arcing between a 
pair of contacts and usually results in the loss of 
material from one contact and the distribution 
of the lost material on or adjacent to the other 
contacts. A badly eroded contact often causes 
snagging and sometimes mechanical locking. 
This results in circuit failures that are reflected 
in higher maintenance cost and inferior service. 
The control of contact erosion is a major problem 
for the telephone companies in extending contact 
life. This control of erosion is accomplished by 
the use of a suitable contact protector.’ 

The criterion of a good spark suppressor is that 
it affects the operation of the associated circuit 
to a minimum degree while giving good protec- 
tion to the controlling contacts at the same time. 
In the case of contacts controlling electromag- 
nets, the spark-suppressing device should have 
little effect on the release time of the controlled 
electromagnet and should extend the dependable 
times at the lowest 


life of the contact many 


ELECTRO- 


MAGNET RECTIFIER | 


Figure 1—Conventional method of using the 


selenium rectifier as a spark suppressor. 
possible cost. The suppressor circuit compo- 
nents should be dependable and require no atten- 
tion over extended periods. 

At the same time, ease of replacement and low 
cost also are important factors. 

At present, the most generally accepted method 
of contact protection is the use of a suitable 
capacitor and resistor in series, this combination 
being either in parallel with the coil or the con- 
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tacts. However, their initial cost and installation 
make their extensive use prohibitive and such 
protection is provided only for critical cases. 
The modern trend is toward the development of 
an inexpensive protector of small size that may be 
used extensively. The nearest approach to this is 
now being carried out in Swedengwhere the 
Telephone Administration is going “‘all out’’ for 
complete contact protection. 


2. Methods of Using Selenium Rectifiers 
for Contact Protection 


The conventional method of using the selenium 
rectifier as a spark suppressor is shown in Figure 
1. When contact A is closed, there will be little 
current flowing through the rectifier due to its 
high reverse resistance. When contact A _ is 
opened, the induced electromotive force will 
maintain the current flow through the coil in the 
same direction, and the open contact will be 
shunted by the low forward resistance of the 
rectifier. This low-resistance shunt will eliminate 
arcing at the contact but has the effect of pro- 
longing the release time of the electromagnet. 
After contact A opens, and assuming that arcing 
does not occur, it is known that the time for the 
current in the coil to fall to a percentage of its 
initial value is given by 


i 1 
— log.- 


cer 
Rir+r zy 


where 


= coil resistance 

- forward resistance of rectifier 
coil inductance 
time for current to fall to 7 


steady-state current through the coil 


(neglecting the small current through the 
reverse resistance of the rectifier) 


current at time f¢. 


The voltage V induced on opening the contact 
is given by: 


7 Ry, + 1 
dt .-* 


Fu~Z- (Rr, + r) Texp — 


June 1953 * ELECTRICAL COMMUNICATION 


The maximum value of V occurs at the instant 
the contact opens, or when ¢ = 0, and is given by 
the following equation: 


(Rr, +r) = E+ Ir, 


Y one —_ 


where E 
The increase of the voltage across the contact 


supply voltage as shown in Figure 1. 


is directly proportional to the rectifier resistance. 
An increase in rectifier resistance will reduce the 
release time but will increase arcing. 


RECTIFIER | 
RECTIFIER 2 


ELECTRO- 
MAGNET 


Figure 2—Method of improving the release 


time by adding a second rectifier. 


This conflict between arc suppression and re- 
quired release time may be resolved by the intro- 
duction of a voltage-dependent resistance. If 
the resistance is low at high voltage, arcing will 
be eliminated; if the resistance is high at low 
voltage, improved release time will result. Such 
an element is obtained when a rectifier is added 
to the circuit as shown in Figure 2 

It may be seen from Figure 2, that when con- 
tact A is closed, rectifier / blocks the current flow 
from battery / and forces practically all of the 
current through the electromagnet. When con- 
tact A is opened, the self-induction of the electro- 
magnet causes a reversal of current flow through 
the rectifiers, and rectifier 2 blocks the current 
flow resulting from the collapsing field of the 
electromagnet. However, the reverse resistance 
of rectifier 2 is greatly reduced as the voltage 
rises and the peak voltage at the open contact 
does not rise to the ionizing potential. 


3. Observation of Arcing at Relay Contacts 
and Methods of Arc Suppression 


The voltage at the contact versus the time of 
collapse of the magnetic field was observed oscil- 
lographically by means of the circuit shown in 
Figure 3. The transient was photographed with 
and without contact protection using inductive 





loads typical of those existing in telephone cen- 
Peak voltages and release times are 


Table 1 


tral offices. 
tabulated in 


BEAM~-POSITIONING 
VOLTAGE 


CATHODE — 


SWEEP RAY TUBE 


TRIGGER 
CIRCUIT 


ATTENUATOR 


HIGH-SPEED 
RELAY 


CONTACT PROTECTION 
WHEN DESIRED 


1. 
STARTING 


KEY 
1|+—_—_—_o—__-___““v 
TRIGGER t 


VOLTAGE 
Method of determining voltage at relay 
Y makes before A breaks 


Figure 3 
contact 


Sparking at an unprotected relay contact 
controlling a clutch magnet may be seen in Fig- 
indicates closed con- 


ure 4. The horizontal line 


420 
360 
300 


240 


180 


VOLTAGE 


120 


! 2 3 4 5 
TIME IN MILLISECONDS 


Figure 4—Voltage at unprotected relay contacts 


controlling a clutch magnet. 


The steep vertical rise occurs at the in- 
It may be noted that 


tacts. 
stant the contacts separate. 


almost instantly to a value of 


the voltage rises 
300 volts at which value sparking starts. The 
gradual upward sloping line indicates the dura- 
tion of the glow. The sharp vertical rise at the 
end of this sparking line indicates the instant at 
which the glow extinguishes due to the increased 


separation of the contacts. From this peak value, 


TABLE 1 


PEAK VOLTAGES AND RELEASE TIMES FOR 


Three 3-Inch-Diameter Cells (Figure 1) 
Iwo #&-Inch-Diameter Cells (Figure 2) 
Three 1-Inch Square Cells (Figure 2) 
Silicon-Carbide Varistor 

0.5 Microfarad + 510 Ohms 

0.1 Microfarad + 510 Ohms 
Unprotected 


rh 0.485 henry, R 164 ohms, / 0.293 ampere. 


ELECTROMAGNETS WITH 


DIFFERENT Types or Contracr PROTECTION 


e Clutch Magnet* | Pelephone Relay? 


Peak Peak 
Release _ ge 
Time in 


Milliseconds | 


Figure 
Number 


‘oltage 
at 
ontact in 


Volts Volts 


83 55.0 87 
180 120 | 150 
192 10.9 | 169 
210 12.8 | 140 
10.9 160 
arcing 7.9 259 
100 to 7.6 450 to 
900 | 750 


( ont: ait in | 
| 
| 
| 


arcing 


t/ 3.45 henries, R 1650 ohms, J 0.029 ampere. 
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VOLTAGE 


| e 3 4 5 
TIME IN MILLISECONDS 


Figure 5—Voltage at unprotected relay contacts 


controlling a telephone relay. 


the voltage falls exponentially to the supply 
potential. 

Figure 5 shows the curve for contacts control- 
ling a telephone relay and is similar to Figure 4 
with the exception that there is less stored energy 
in the relay as represented by the shorter dura- 
tion of the glow. 

*> The selenium rectifiers used for protection of 
relay contacts are basically combinations of 


3y-inch-diameter cells. The arrangement used 


240 


180 


120 


VOLTAGE 
oa 
oO 


°o 


1 z 3 4 5 
TIME IN MILLISECONDS 


Figure 6——Voltage at rectifier-protected relay contacts 
) 


controlling a clutch magnet. Protection as in Figure 2. 
& & £ 
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VOLTAGE 
m 
° 


oO 


| 2 3 3 5 
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Figure 7 Voltage at rectifier protec ted contacts control 
) 


ling a telephone relay. Protection as shown in Figure 2 


VOLTAGE 
nm S$ OD 
o oOo O 


Oo 


oC & |W Ww 26 25 30 
TIME IN MILLISECONDS 


Figure 8—Voltage at rectifier-protected contacts control 


ling a telephone relay. Protection as shown in Figure 1 
g | 5 


consists of two groups of two cells connected in 
opposition as shown in Figure 2. Therefore, the 
reverse resistance of two cells is in series with the 
lhe 


voltage at the contact versus the time of collapse 


forward resistance of the other two cells 


of the magnetic field is shown in Figure 6 for the 
clutch magnet and in Figure 7 for the telephone 
relay. 

The effect of the spark-suppressor unit on 
voltage is to limit the peak voltage to approxi- 
mately 180 volts in the case of the clutch magnet, 
and to 150 volts for the telephone relay 

Figure 8 shows the results obtained with three 
3y-inch-diameter cells connected across the load, 
as shown in Figure 1. The voltage rise is limited 
to approximately 60 volts with the telephone re 
lay, but the release time is extended six times 

The results obtained by using resistor- capaci 
tor spark-suppressor units may be seen in Figures 
9 and 10. When capacitors are used, it is ne¢ 


essary to provide a suitable series resistance to 





VOLTAGE 


> ». 3 % 80 85 30 
TIME IN MILLISECONDS 


Figure 9—Voltage at resistor—capacitor-protected con- 


tacts controlling a telephone relay (510 ohms and 0.5 


microfarad). 


260 
240 


220 
200 
180 
160 
140 


120 


VOLTAGE 


100 
80 
60 


40 
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VOLTAGE 


o 5 6 % 80 85 30 
TIME IN MILLISECONDS 


Figure 11—Voltage at silicon-carbide-varistor-protected 


contacts controlling a telephone relay. 


Figure 10—At left, voltage at resistor—capacitor-pro- 
tected contacts controlling a telephone relay (510 ohms and 


0.1 microfarad). 


limit the charge and discharge currents that oc- 
Other- 


wise, contact burning can occur on initial closure 


cur during the switching operations. 


and on immediate reclosure that might result 
from contact bounce. This is not a problem where 
selenium rectifiers or silicon-carbide varistors are 
used because they offer very high resistance to 
On 


closure, the contacts are firmly engaged before the 


current flow at voltages of 50 volts or less. 


current can build up through the coil to the 


steady-state value. 

The effect on the voltage at the contact when 
a silicon-carbide varistor is used may be seen in 
Figure 11. Silicon-carbide-varistor protection 
gives rise to a transient of a type similar to that 
shown in Figures 6 and 7, which are for selenium- 
rectifier protection. 
4. Reverse-Resistance Characteristics of 
Selenium Rectifiers 


The 


acteristic of the 3-inch-diameter cells is of con- 


reverse-resistance-versus-voltage — char- 


siderable interest, particularly at voltages that 
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Figure 14 illustrates a family of these reverse- 
OSCILLO- ‘ nae : 

resistance—voltage characteristics. For voltages 
greater than 50 volts, readings were taken with 
peer | an oscilloscope with voltage applied for approxi- 
R , mately eight milliseconds. For voltages lower 
than 50 volts, the voltage was applied long 

enough to read a moving-coil instrument. 
The reverse-resistance-versus-voltage —char- 
waa tan rae acteristics for typical two-cell units, shown in 
Figure 13, were measured according to Figure 12 
and the results plotted in Figure 14. Curves A 
1 TO 10 and B are typical for unaged 2-cell units of 4°y- 
MICROFARADS HIGH-SPEED inch diameter. Curve A corresponds to the char- 
acteristic for rectifier 7 and curve B for rectifier 
2. Reference to Figure 13 shows that rectifier / 

normally blocks the supply voltage. 

Curves C, D, and E represent the characteris- 
tics for 2-cell units of this type after 50,000,000 


operations over a period of six months. Curve C 


ee : ae ce ©  e2eomputses 
Figure 12—Method of obtaining re PER MINUTE 


verse-resistance-versus-voltage charac- 


teristic of selenium rectifiers. 


exceed the direct-current rating 
of the cells. In order to simulate TELEPHONE 

ae ie CLUTCH TELEPHONE 
load conditions, the rectifiers MAGNET RELAY 


were stressed with a voltage last- HHI t-{ tI HII 
ing 8 milliseconds. A circuit such 
asshown in Figure 12 is con- 
venient for such measurements. 
The time constant may be ad- 


justed for the desired duration 
of the voltage. re 
fae RECTIFIER | 
Relays and clutch magnets 
typical of the inductive loads 
found in telephone central offices 
were operated with combina- 
° . ‘ TELEPHONE 
tions of back-to-back selenium CLUTCH 
MAGNET 


rectifiers as spark suppressors. a 
,; -" i;-4h} 
Life tests were conducted in 


order to determine the effect on 

the electrical characteristics of 

the rectifiers, and to evaluate 

the degree of protection afforded 

the contacts. Figure 13 shows Figure 13—Circuit for life-testing spark-suppression units and contacts 
life-test operating conditions. The batteries denote a common 48-volt direct-current source 
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represents the typical decrease of reverse resist- 
ance with aging which is a well-known character- 
istic of selenium rectifiers. 

Curve E represents the characteristic of recti- 
fier 2 with a clutch magnet as the load as shown 


REVERSE RESISTANCE IN OHMS 
sh deed 
mee 2) 


Peon 
tt Li) 


that above 50 volts, the change of resistance is 
less than for the rectifier combination. It should 
also be noted that the silicon-carbide varistor 
has a lower resistance at 50 volts, which means 
greater current drain and increased power dissi- 
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Figure 14 


in Figure 13. The resistance drops at a slower 
rate. The effect of this is to decrease the release 
time of the load magnet, but the peak voltage at 
the contacts rises correspondingly. However, this 
does not materially affect the unit as a spark sup- 
pressor. The peak voltage is still held well below 
200 volts. 

Curve D shows a similar effect as curve E but 
to a lesser degree due to a relay load instead of a 
clutch magnet. 

The increase in reverse resistance described 
above in curves D and EF is related to the forming 
process. Higher reverse voltages have the effect 
of raising the back resistance and prevent the 
rectifiers from deteriorating as they sometimes 
do when the current flows in one direction only. 

Curve G is the characteristic for a_silicon- 
carbide varistor. This varistor is one chosen as 
being suitable for contact protection with tele- 
phone relays and is shown for direct comparison 


with the rectifier combination. It should be noted 


Family of reverse-resistance-versus-voltage characteristics of spark-suppression units. 


pation. The fact that the silicon-carbide char- 
acteristic is concave upwards as opposed to the 
rectifier combination is obviously less desirable 
from the point of view of maintaining favorable 
release times consistent with good spark pro- 


tection. 


5. Mechanism of Rectifier Breakdown 


Rectifier breakdown, that is the tendency for 
the forward and reverse resistances to equalize, is 
always associated with excessive temperature. 
If the high voltage stress is not applied long 
enough for the temperature to rise excessively, 
and the duty cycle is not excessive, the rectifier 
will not be injured. The maximum period for 
which the rectifier can stand an excessive electric 
stress is dependent upon the effective heat ca- 
pacity of the cell and the ambient temperature. 


This period must be determined empirically for 


the particular application, since efforts to gen- 
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eralize these relationships have not been success- 


ful. 


6. Photomicrographs of Relay Contacts 
After Life Test 


Reference to Figure 13 will show the circuit 
conditions under which the contacts shown in the 
photomicrographs were operated. The contact 
metal is 99-percent palladium. The physical di- 
mensions of the contact are shown in Figure 15. 

The contacts shown in Figure 16A and B were 
unprotected with the clutch magnet as a load. 
After 1,300,000 operations, the back contact had 
eroded through to the relay spring. In this case 
the armature A was positive with respect to the 
back contact B, and the transfer of the metal was 
from negative to positive. CD and G// in Figure 16 
show rectifier-protected contacts that were oper- 
ated with the clutch magnet and the telephone 


relay, respectively, as loads. The total number of 
operations was 50,000,000. The improvement 
over the unprotected case is of the order of 100 


to 1. It is interesting to observe that the back 
contact and armature contact are eroded to the 
same extent. The transfer of metal from one con- 
tact to the other is not in evidence. 


In order to judge how much of the erosion is 
due to mechanical wear alone, see contacts E and 
F in Figure 16. These contacts were operated 
50,000,000 times but interrupted no current. 


7. Dimensions and Mountings 


For applications where 50-volt direct-current 
power supplies are used, and the loads are of the 
same order as discussed above, the 3%;-inch cells 
are satisfactory. Their small size and light weight 
enable them to be mounted directly across coil 
terminals. Drillings and mountings are not re- 
quired because the lead out wires are sufficiently 
strong to support the unit. They may be mounted 
in the same manner as the familiar radio-type 
resistor. The physical dimensions may be seen in 
Figure 17. The weight is approximately 0.09 


ounce (2.6 grams). 


8. Conclusions 


Contact erosion in the sense that metal is lost 
from one contact and deposited on the mating 
contact seems to be eliminated. This is important 
from the standpoint of reducing snagging. When 
contacts retain their original shape, minimum 


readjustment is necessary. 


CONTACT METAL (PALLADIUM) 


<0.019 
(0.483) 


31 DEGREES 
30 SECONDS 


Figure 15. 
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0.016 
(0.406) 


>0.0045 
(0.1142) 


20.019 
(0.483) 


31 DEGREES 
30 SECONDS 


Structure of relay contact. Dimensions are in inches (millimeters) 





Figure 16-—The letters correspond to the contacts labeled in Figure 13. A and B, unprotected contacts after 
1,300,000 operations with clutch magnet as load. C and D, rectifier-protected contacts after 50,000,000 operations 
with clutch magnet as load. E and F, mechanical wear of contacts after 50,000,000 operations with no current. G 
and H, rectifier-protected contacts after 50,000,000 operations with telephone relay as load. 
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Satisfactory release time or rate of decay of 
current is obtained by the addition of a second 
rectifier as shown in Figure 2. The rectifier com- 


Figure 17 


dependability over extended periods without 


attention, makes them most desirable circuit 


elements. 


Ny 


wie 


Physical dimensions of rectifier 


contact protectors. 


bination compares very favorably with other 


known methods of contact protection with 
respect to peak voltage and timing character- 
istics. 

Selenium rectifiers are inexpensive and are 
known to have an almost indefinite life. The 
contact-protection units are simple to mount 
and, furthermore, it is not necessary to observe 


polarity when wiring. This, together with their 
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Power consumption is small when it is desired 
to connect the unit in parallel with the contacts 
to be protected. 

The use of selenium rectifiers as voltage-surge 
suppressors is not limited to telephone applica- 
tions. Cells ranging in area from a quarter of a 
square inch to thirty square inches may be ar- 
ranged in series-parallel combinations as_ the 


application warrants. 





Remote Signaling and Control of Electric 


Railway Power Networks 


By JACQUES VAN CAUWENBERGHE 


Bell Telephone Manufacturing Company; Antwerp, Belgium 


EMOTE signaling and control techniques 
have developed rapidly during the past 
few years as a result of the intense in- 

terest shown in them by various industries. It 
seems, therefore, appropriate to review briefly 
the characteristics that fit these systems to the 
many diverse purposes to which they are applied. 

By considering a concrete example, it will be 
possible to see how the actual switching and 
telephonic transmission techniques are employed 
to solve the various problems that a particular 


application raises. 


From ancient times, the problem of remote 
signaling and control has occupied the human 
mind as is evidenced by the gong and drum of 
primitive peoples; the use of fire, smoke, and 
flares; the semaphore telegraph; and the more 
recent electric methods. Electricity alone gives 
a generally satisfactory solution for modern re- 
quirements as regards speed of transmission and 
a minimum of human effort. 

There are three principal classes of electric 
systems: remote control, remote signaling, and 
telemetering. Only the first two will be dealt with 
but it will be helpful to define all three. In prin- 
ciple, telemetering is characterized by con- 
tinuity of information, which is not the case for 
signaling. A measuring system operates between 
minimum and maximum values of the quantity 
to be measured and provides an indication pro- 
portional to the instantaneous value. Signaling, 
however, indicates the position of a piece of 
apparatus, which changes relatively infrequently 
from one to another of a limited number of 
positions. Remote control would be the method 
used to change the operating position of the 
piece of apparatus. 

Logically, signaling and remote control occur 
in a discontinuous manner often by the trans- 
mission of impulses having constant frequency 
and shape. If, for some reason, impulses are used 


for telemetering, their shape or transmission 
frequency will vary continuously to convey the 
intermediate values. 

Methods will be considered that permit an 
operator to exercise positive control over ap- 
paratus located remotely from him and to receive 
automatically information on the conditions of 
this apparatus. Such operation is practicable over 
distances of the 100 kilometers (62 
miles) and with brief periods of transmission that 


order of 


do not exceed a few seconds for either signaling 


or control. 


1. Choice of Systems 


All electric signaling and control systems re- 
quire a supervisory or master equipment at the 
place where the operator is located, a transmis- 
sion line, and suitable apparatus at the remote 
points. The relative cost of these three parts of 
the system will determine the particular method 
to be used. 

If the control is to be between fixed points with 
a maximum separation of about 400 meters (1300 
feet), the installation of a multiple-wire cable 
could be made. This is a common practice 
in the control of an electric power station. 

A fire-detecting installation will be economi- 
cally feasible only if the numerous detecting 
elements are inexpensive and are grouped in 
common circuits. 

Another comparable arrangement would con- 
cern the remote control of a public lighting sys- 
tem. A single pair of wires would pass through 
the numerous lighting points. Control would be 
exercised by transmitting a very simple code such 
as impulses of varying polarity or by applying or 
removing a voltage from the line. The controlling 
units must, of course, be simple and inexpensive. 
In some cases, it may not be practicable to 
provide special conductors and the operation 
must be performed by sending the control signals 
over the lighting mains themselves; either by a 
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direct current superimposed on the line between 

ground and neutral or by voice frequencies. 
The most difficult 

there are a number of distant centers, each con- 


cases are those in which 


taining several important pieces of apparatus 
that must be controlled individually. If the 
distance from the supervisory to the remote 
points is large, the cost of transmission means 
becomes a significant factor; in this case it is 
justified to complicate the terminal equipment 
if this permits a reduction in the cost of the 
aforementioned transmission means. This type 
of centralized control can be quite complex and 
will be considered in detail. 


2. Rapidity and Means of Transmission 


In the majority of cases, the orders to be trans- 
mitted do not require instantaneous execution. 
Similarly, some seconds delay can be tolerated 
between a change in the distant apparatus and 


the reporting of that change to the operator. This 
tolerance of time may be used conveniently to 
increase the information-carrying capacity of the 
transmission channels by allotting a longer time 
to the message, thus increasing the information 
per message and permitting a reduction in the 
number of transmission channels required. Each 
control or signaling message will be translated 
into a code consisting of a series of successive 
impulses of one or more types at the transmitting 
end and will be decoded for display or operation 
at the receiving end. 

If several stations are distributed along a 
common transmission line, the code will contain 
a preliminary signal to designate the particular 
station involved. 

Impulses are considered to be of different types 
when they have different forms or characteristics 
or when they are transmitted through different 


channels 


One of the control and signaling desks for the Zwolle master station is in the foreground with the associated 
relay cabinets behind it. The equipment that goes in 7 of the substations is shown in the left background 
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In all messages, consideration must be given to 
the relation among the number of types of im- 
pulses, length of the code corresponding to the 
message, load on the transmission channel, dura- 
tion of the transmission period, and cost of the ap- 
paratus. By adding types of impulses, the length 
of the code and, hence, the duration of the trans- 
mission period are reduced but at the cost of more- 
involved apparatus for encoding and decoding. 

Types of impulses to be used would depend 
substantially on the means of transmission avail- 
able. A telephone line of physical conductors can 
be used very simply by transmitting impulses of 
one of two polarities, that is, wire A may be 
positive and wire B negative for one polarity with 
the arrangement reversed for the other polarity. 
It could also be used for transmitting alternating- 
current impulses of one or more frequencies 
spaced up to the higher-frequency limit of the 
line, which might normally be around 2500 or 
3200 cycles per second. Very often, impulses are 
used to modulate carrier frequencies outside 
the voice spectrum to avoid disturbance of an 
already-existing voice transmission. Impulses 
may also be transmitted at radio frequencies 
with, of course, substantially higher cost of 
terminal equipment. 

A train-dispatching system has been put in 
service using a code that is characterized by the 
transmission of exactly 17 pulses for each mes- 


sage. Different messages result from pauses that 


are inserted in the series of pulses. As an example, 
there may be three impulses, a pause, seven im- 
pulses, a pause, and seven more impulses, making 
a total of 17 impulses. A wide range of messages 
is therefore possible and an interruption in trans- 
mission or an extraneous disturbing signal will 
be evident by an incorrect total number of im- 
pulses in the series. 

In the control of public lighting, where a com- 
mon channel carries the control impulses to all 
lamps, the number of impulses may be varied. 
Three impulses may be used to switch on the 
lights, four will reduce the lighting to a half-value, 
five impulses may extinguish the lights, etc. 

A simple method of selecting one of a number of 
telephones on a common line as used by railways 
is to vary the number and length of the impulses 
transmitted to the various receiving stations. 

The remote operation of a complex and im- 
portant installation such as an electric substation 


requires a rapid means of transmission and one 
having a much greater reliability and accuracy 
than stated above. 

Transmission reliability cannot be based on the 
stability of the transmission line because para- 
sitic impulses may be induced in the line or the 
transmission may be interrupted briefly, both 
conditions would result in a distortion of the 
message. As in military services, the reliability 
of the message is made to depend on the manner 
in which it is encoded and decoded. 

To fulfill these requirements, a system has 
been developed using an impulse train of con- 
stant length but containing two different types 
of impulses. The length of each impulse and the 
space between adjacent impulses are the same. 

The adoption of a constant number of impulses 
for each message immediately permits mutilated 
messages to be discarded. For similar reasons, 
it is best to avoid systems in which the length of 
the impulse also is significant. In addition, 
care has been taken to design a code system that 
can be verified on reception. 

By using impulses having durations and inten- 
sities of the order of those used on telegraph 
circuits, it is possible to make use of all the trans- 
mission knowledge developed in the telegraphic 
field and to obtain maximum speed of trans- 
mission at distances without being dangerously 
influenced by neighboring circuits. On a normal 
telephone circuit, each type of impulse may be 
transmitted either as direct current or as one of 
the 24 voice frequencies spaced 120 cycles apart 
that are commonly used for voice-frequency 
telegraph channels. If the circuit is to be used 
simultaneously for telephony, that service must 
be protected from the pulses. 

The spacing of 120 cycles between the tele- 
graph frequencies limits the number of impulses 
that can be transmitted per second ; to avoid cross 
talk, the frequency spectrum for each signal must 
not extend more than 60 cycles from the signaling 
frequency. If an impulse is to be transmitted 
without excessive distortion, the fundamental 
and third harmonic of the pulse frequency must 
be transmitted. It is evident, therefore, that in 
such a system, not more than 20 impulses should 
be transmitted per second. To obtain additional 
reliability, this number is reduced to 10 or 15 
impulses per second, which would be 20 to 30 
bauds when expressed in telegraphic language. 
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When several stations are distributed along the 
same transmission line, a third type of impulse, 
which may be transmitted by a pair of wires or 
by an additional voice frequency, is generally re- 
quired to prevent interference between the trans- 
missions of the various stations. 


3. Cost 
Although this system permits transmission 


over high-voltage power lines and often uses 


alternating-current pulses to meet particular 


requirements, most remote signaling and control 


installations utilize direct-current impulses trans- 
mitted over telephone circuits. This permits the 
use of relatively inexpensive transmitting and 
receiving equipment operating from an ordinary 
storage battery, making the system independent 
of mains-supply failures. 

To assure reliable operation at low cost, 
simple robust keys are provided for the operators, 
the equipment is controlled through metal or 


A close-up of the control desk showing the double-motion 
keys with combined signal lamps. The desk is 4 meters 
(13 feet) long. 
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mercury contacts of ample dimensions, and the 
intervening relays are of well-proved telephone 
design protected by shockproof dust-tight covers 


4. Dutch Electrified Railway Network 

The electrification of the Dutch Railways was 
started before the war and is now in process of 
being completed. Power is supplied at 1500 volts 
direct current and this relatively low value to- 
gether with a heavy density of traffic has neces- 
sitated the erection of many power substations 
with a consequent large number of track sections. 
To avoid maintaining supervisory personnel at 
each of these points, to increase the rapidity with 
which control actions may be taken, and to im- 
prove the coordination of the operation of these 
stations, it was decided to centralize the super- 
vision and control of the stations in the northern 
part of the country at Zwolle. This may be seen 
in Figure 1. Previous experience had been gained 
in remotely controlling a substation at Sterksel 
from Eindhoven. 

The first part of the program was completed 
and put in operation early in 1951. It provides 
for signaling and remote control from Zwolle of 





Gum EXISTING INSTALLATIONS 


@com—me INSTALLATIONS IN PROGRESS 


Figure 1 
22 power substations and sectioning points dis- 
tributed over nearly 200 kilometers (125 miles) 
of tracks on the lines that terminate at Amers- 
foort, Oldenzaal, and Enschede. 


Various sections of the second part of the pro- 
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Dutch railway network showing the progress as of January 1, 1952, in remote signaling and control. 


gram are being put in service. When completed, 
there will be 34 substations and sectioning points 
added to the Zwolle control comprising the lines 
to Groningen and Leeuwarden.' The third part 

1This second part of the program has recently been 


completed. 
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of the program will add nine more substations 
on the line to Arnhem; these installations have 
been ordered recently. 

In addition, two substations on the Amster- 


are needed, additional units have been provided. 
Provision has been made for additional needs at 
each station and to permit increasing the number 
of stations by about 30 percent. 
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Figure 2 


Distances from Zwolle are indicated in kilometers 


dam-—Haarlem line have been modified to permit 
remote control from Amsterdam. 
About half of the installation 
Zwolle has been placed in service. On completion, 
the system will permit the recording at this 
central point of the condition of about 1350 
pieces of apparatus, of which some 700 will be 


centered in 


controlled remotely. These equipments are dis- 
tributed among 65 substations or sectioning 
points. They are distributed in five different 
directions of approximately 100 kilometers (62 
miles) each. 

To allow simultaneous and independent con- 
trol in each of the directions and of neighboring 
stations as well, a distribution system having 
nine independent channels is planned as may be 
seen in Figure 2. 

The substation equipment has been stand- 
ardized and where greater facilities than normal 
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5. Installation 


The equipment installed at Zwolle is mounted 
in a few cabinets and in a control desk as is 
indicated 3. Each 
equipped with a transmitting apparatus and a 


in Figure substation is 
contacting-relay box to control the equipment 
under supervision. 

The signaling and control system is operated 
in each station from a 48-volt storage battery 
under floating charge. This insures service in 


case of a breakdown of the power network itself 


6. General Operation 


Without the remote-control and signaling in- 
stallation, the chief operator at Zwolle would 
require a group of telephone operators who would 


be constantly in communication with a foreman 





at each of the 65 distant stations. The foreman 
would report all operations taking place and 
would execute orders given to him by the tele- 
phone operator. The remote-control installation 
permits the telephone operators and foremen to 
be dispensed with and the chief operator is able 
alone to supervise the distant installations with 
greater rapidity and fewer errors than would 
occur under the above system. 

The system operates as though it were under 
the control of a well-trained corps of invisible 
personnel. The following description is worded 
as if 1350 vigilant, accurate, rapid, and invisible 
attendants were available for each operation 
that may be required in reporting the condition 


ZWOLLE 
MASTER STATION 
CABINET 


FOR 98 CONTROLS, 
184 SIGNALS 


SUBSTATION 
HOOGEVEEN 


free and would engage it to prevent any other 
center from using the line while he needed it. He 
would then seek authorization from Zwolle to 
transmit and by code would have each member 
of his staff signal the condition of each piece of 
apparatus at this center. 

On the completion of the entire message, the 
invisible telephone operator at Zwolle verifies 
that the name of the transmitting center has 
been clearly given, checks the exact number of 
impulses received to ascertain that the coded 
messages have not been distorted, displays on 
the controller’s desk the present condition of 
each piece of apparatus at this center, and draws 
the recent 


the attention of the controller to 


SUBSTATION 
GRONINGEN 


POWER STATION 
WIJSTER 


RELAYS 


CAPACITY =400 CONTROLS, 800 SIGNALS -. 
Figure 3 


or controlling the operation of each of the 1350 
pieces of apparatus located in the various sta- 
tions. There would be an invisible foreman in 
charge of each of the 65 centers reporting to 
Zwolle and nine invisible telephone operators in 
readiness at Zwolle. During periods of inactivity, 
these invisible operators would rest—there would 


be no consumption of power by the apparatus. 


7. Signaling 


If circuit switch 18 at the third station were 
suddenly to release, invisible attendant 18 would 
inform the equally invisible foreman, who would 
ascertain if the telephone line to Zwolle were 


=I 
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! 13 CONTROLS 


CONTACTORS 


| 8 CONTROLS 
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Diagram of the control and signaling channel between Zwolle and Groningen. 


release of switch /8 by producing an audible 
signal. In the meantime, the communication line 
to the reporting center is freed and made avail- 
able for other transmissions. 

All these operations require not more than 
four seconds. If, however, a message is not clear, 
the invisible telephone operator refuses to display 
the information, so informs the controller, and 
requires him to order a repetition of the message. 

The controller, on receiving the information 
from the telephone operator, can silence the 
alarm bell only by placing a key corresponding 
to switch 18 of the third center in the RELEASED 
position, which not only silences the bell but 
extinguishes a lamp incorporated in the key 
itself. 
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8. Remote Control 


If the controller desires to reclose power switch 
18 of the third center, he places the corresponding 
key in the SWITCH ON position and depresses this 
key for an instant. The invisible telephone opera- 
tor is thereby called and after verifying that the 
communication channel is free, engages it and 
transmits the code that connects him to center 3. 
The invisible attendants at each piece of equip- 
ment are silenced except the one for switch /8 

who is called to attention and is obliged to 
signal his readiness to receive orders. His mes- 
sage might be read, “I, number 1/8 of center 3, 
am waiting for an order; my switch is at present 
in the OFF position.” 

At the completion of this message, the attend- 
ant of switch /8 will be connected directly to the 
corresponding key at the controller’s desk in 
Zwolle to await an order. 

The invisible telephone operator then verifies 
whether the repeated code message is identical 
to that originally sent and whether the invisible 
attendant reporting is definitely the one asso- 
ciated with the particular apparatus for which 
a change in condition needed. The 
telephone operator having verified these things, 
authorizes the controller at Zwolle to depress the 
key a second time, which initiates the desired 
action on the part of the invisible attendant of 
switch 18. When this operation has been carried 
out, the invisible attendant disconnects himself 
from the line and the foreman reports to the 
Zwolle controller the complete condition of the 
whole This entire requires 
approximately 12 seconds. 

If any of the verifications of the code messages 
do not tally, any possibility of control action is 


may be 


center. process 


stopped and an alarm is given so that the con- 
tents of the messages may be checked. Until the 


operator depresses the control key for the second 


time, he is at liberty to make any change con- 
sidered desirable in the control instructions. 

Usually, these systems are designed to make 
this second operation of the key unnecessary, 
the tally between original and repeated messages 
automatically initiating the control action. But, 
at the request of the railway people, the double 
action was incorporated to ensure the full atten- 
tion of the control operator. 

As installed, telephone service is not provided 
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over the same wires that are used for remote 
control. The design is such, however, that by the 
use of additional relays such operation can be 


included. 


9. Equipment and Line 


As may readily be seen, some parts of the 
equipment are common and are independent of 
the number of signaling or controlled apparatus. 
Other parts are directly proportional to the num- 
ber of such apparatus. 

As the individual equipment is most numerous, 
it must be kept to a minimum for economic 
reasons and be of simple structure to avoid main 
tenance problems. At the master control station, 
there are a combined signaling and control key 
and a relay for each piece of equipment to be 
remotely controlled. At 
dividual relay is required for each component for 


the substation, an in- 


which signating is required. Where remote control 
is applied, two additional mercury-type relays 
are needed for each piece of apparatus. 

The common equipment consists of relays and 
selectors acting as distributors to connect the 
relays of the individual pieces of equipment to 
the common relays 

The line consists of two pairs of wires in a tele- 
phone cable. One of these pairs transmits the 
direct-current polarized impulses in both direc- 
tions. The other pair is used only for blocking 
other stations from access to the line while one 
station is transmitting. This is done by applying 
a suitable potential to the line. While it is pos- 
sible to provide this service without using a pair 
of wires just for blocking, for a given speed of 
operation, this second pair ensures greater opera- 


ting reliability. 
10. Operating Description 


10.1 SIGNALING 


The signaling system is based on the sychron 
which is 
the 


ous rotation of two selectors, one of 


located at the substation and the other at 
control station. 

The selectors are of the step-by-step type in 
which rotating wipers sweep over a series of ter 
minals establishing electric connections — suc- 
cessively to each terminal. There may be several 
levels of such terminals each with its own wiper. 
To insure that the selector in the control station 


and the corresponding one in the substation move 
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in synchronism during signaling, the substation 
transmits impulses of constant length and inten- 
sity that provide for step-by-step movement at 
both the local selector and that in the control 
room, 

The state of the apparatus being controlled is 
indicated for transmission purposes by a change- 
over contact that is connected to the 48-volt 
battery and is mounted on the apparatus itself 
or on an auxiliary relay. 

As an example of the operation of the circuit, 
a power switch in substation C is represented 
in the lower right corner of Figure 4. Signal- 
ing contact SC2, associated with this power 
switch, has two positions corresponding to the 
closed and opened positions of the power switch. 
The contacts of SC2 and of RYC4 are connected 
in such a manner that the common signal-starting 
relay RYC3 is energized whenever the contacts of 
RYC4# and SC2 are in discoydant positions, i.e., 
when one is operated and the other is released. 

Therefore, at the moment the position of the 
power switch is changed, RYC3 operates and 
causes signals indicating the new position of the 
power switch to be transmitted to the master 
During RYC4 


accordance with the new position of SC2. 


station. this cycle, comes in 

To explain the above in a more-detailed man- 
ner, once RYC3 is energized, the circuit first 
verifies if the line is free (whether the blocking 
relay RYC1 is unenergized). In the next step, the 
blocking line is opened and 48 volts are applied to 
the blocking pair in the direction of the master 
station. On reception of this potential, the 
master station sends one starting pulse, the 
arrival of which at the substation will permit the 
start of transmission. 

On receipt of this impulse, RYC3 starts an 
impulse sender. These impulses at approximately 
12.5 per second cause the local selector SC/ at the 
substation and the selector S\// at the master 
station to rotate in synchronism 

As can be seen, this manner of engaging the 
line and the use of the starting impulse com- 
pletely avoids any interference between the emis- 
sions of the various substations. 

During its rotation, SCI connects a_ relay 
RYC2 to its various contacts in succession. The 
first six of these terminals are reserved for the 
identification code of the sending substation 
(which code is generated through the permanent 
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connection to the positive pole of the battery of a 
combination of two of these six terminals). Each 
of the following terminals of SC/ is connected to 
positive 48-volt battery through the make con- 
tact of the switches associated with the various 
pieces of apparatus. (In the case of the power 
switch of Figure 4 this would be SC2). Relay 
RYC2 controls the polarity of the impulse thus 
sent to the master station. 

The first six of the impulses thereby indicate 
the identity of the transmitting substation; each 
of the following impulses being positive or nega- 
tive according to the ON or OF! position ol the 
corresponding substation apparatus. 

It should be noted that during this rotation of 
SC], each relay RY C4 is at the same time set by 
RYC2 in accordance with the position of the cor- 
responding apparatus. 

At the master station, two polarized relays re- 
ceive the incoming impulses and either one causes 
the master-station selector SA// to rotate. Ac 
cording to the code received during the first six 


impulses, these polarized relays direct the follow- 


ing impulses via one of the several wipers of SA// 
to the various individual interlocking 
RYM1. These relays RY AJ correspond to the 


various pieces of apparatus in the substations and 


relays 


cause signals to appear on the master control 
board according to the positions of the power 
apparatus in the substations. 

At the conclusion of the impulsing cycle, both 
SC1l and SM1 will have returned to normal where 
they will remain until the changeover of another 
RYCF to 


synchronization, the 


piece of apparatus again causes 


operate. In case of faulty 
master-station selector S.W// will stop at the con 
clusion of signaling in an off-normal position. An 
alarm will then be given, after which the opera 
tor can cause an entirely new series of impulses 
to be transmitted from the substation. 

At the master station, each piece of apparatus 
is represented by a rotary key SA/2. The lamps 
of the keys corresponding to the substation power 
apparatus that has changed position will be lit 
and at the same time an audible signal calls the 
operator's attention to these lamps, which may 
be put out by changing the position of the keys 
in which the lamps are contained. When the key 
is rotated, the lamp will go out and its new posi- 
tion will correspond to the new position of the 


power apparatus. 





This signaling panel is of the extinguishing 
type and is both economical and comprehensive, 
but other signaling methods may be used. 


10.2 Remote CONTROL 


Let us now presume that the operator at the 
master control board wishes in the particular 
substation shown in Figure 4 to change the posi- 


tion of the power switch. 
He will first turn the key of SM2 to the new 
position desired. On depressing the same key, 


potentials corresponding to the desired position 
are placed on the contact banks of two step-by- 
step marker switches SM3 and SM4. The wipers 
of SM3 will move across the contacts and stop on 
the one corresponding 
the 
the 


Op- 


to the number of 
substation where 
apparatus to be 
erated is located. The 
the 
switch stop on the ter- 


wipers in second 
minals corresponding 
to the switch. 
The impulse generator 


power 
of the master station 


then advances syn- 


chronously — selector 
SM1 at the master sta- 
tion and the selectors 
SCI at all of the sub- 
stations. 
Three of these im- 
pulses are polarized by 
a relay RYM2 at the 
master station; this re- 
lay is operated twice in 
accordance with the 
code registered in the 
SM3 and 


then once more in ac- 
the 


contacts ol 
cordance with 
power-apparatus num- 
ber registered on SM4. 
As soon as the desired 
substation has recog- 
nized its code, it blocks 
the other substations 
by placing a potential 


on the blocking pair 


toward the control station and cutting the 
other side of both pairs. By this action, all selec- 
tors SCI at the other substations automatically 
return to normal position whereas SC/ at the 
desired substation continues to rotate under 
control of the transmitted impulses. During this 
rotation, it energizes RYC4, associated with the 
desired power switch, and stops in the normal 
position at the end of the impulse train. 

Then in return, SC/ sends a sequence of im- 
pulses back to the master station where SAM/J/ 
continues to revolve in synchronism. The first six 
impulses signal the code of the connected sub- 
station. The following impulses will be positive 
until the one corresponding to the power switch 


One of the master transmitter cabinets at Zwolle is shown above 
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that is to be operated. This impulse will be 
negative and its effect will be to stop both SC/ 
and SM1 on the proper terminal corresponding 
to the desired power switch RYC5. 

Some additional impulses having a_ polarity 


The transmitter at a substation 


determined by the actual position of the power 
switch will be sent from the substation to the 
master station. These will not move either SCI 
or SM1 but in the master station will cause a red 
or a green lamp to flash. 

If the chain of impulses from the 
substation corresponds exactly with 
the 
ratus as marked in the beginning on 
the terminals of S\J3 and SM4, a 
second depression of SMJ/2 will com- 


indications of substation appa- 


plete the operation by sending a 
single actuating impulse to the sub- 
station. 

At the substation, this impulse is 
directed through contacts of SCI to 
the coil circuit of contacting mercury 
relay RYC5. Operation of RYC5 will 
close the control circuit of the power 
switch, which will thereupon move to 
the desired position. 

As soon as this power switch has 
been operated, SCI and SM1/ return 
to normal position and from there 
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commence a complete new cycle by means of 
which the position of all apparatus in this sub- 


station is retransmitted to the master station 


for checking purposes. 
The complete control cycle described above 


requires approximately 12 seconds 

If the operator should change his 
mind before sending the actuating im- 
pulse to the station by the second de 
pression of SA/2, he can cancel his pre 
vious orders by depressing a special 
common key. 


10.3 CHECKS AND ALARMS 


Operations such as checking for 
proper signaling performance of one o1 
all substations, testing of lamps, auto- 
matic signaling of voltage loss of the 
control battery for each substation, 

and the aisabling of any substation are 

additional features that have been in 
corporated in the system. 

It should be noted that the system 

is immune to any disturbance through 

breaking of signaling lines, false im 

pulsing, or blocking of impulses that 

occur either during signaling or control, because 

all signals to substations must be properly an 

swered. Unless the answer is correct, the signal 

ing system is blocked and an alarm is given until 


corrective action is taken. 





Electrical and Physical Properties of [N-420: 
A New Chlorinated Liquid Dielectric* 


By A. J. 


WARNER 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


chlorinated liquid 


FAMILY of 


dielectrics has been developed. One 


new 


member of this series, dichloro-1,3,3-tri- 
methyl-1-phenylindan (designated as /.N-420), 
appears particularly suitable for use as a ca- 
pacitor impregnant. Values of dissipation factor 
and direct-current resistivity are comparable to 
or somewhat better than existing commercial 
chlorinated Its 
and dielectric strength are somewhat superior to 


biphenyls. dielectric constant 
those of the chlorinated biphenyls. 

In life-test studies in which capacitors im- 
pregnated with /N-420 were compared with 
capacitors containing stabilized and unstabilized 
chlorinated biphenyls, a marked superiority was 
shown in life-test characteristics and particularly 
at temperatures as high as 125 degrees centi- 


grade. 


The use of chlorinated hydrocarbons in electric 


apparatus and components has increased steadily 


in the past few years, particularly in applications 
such as capacitors where the use of high-dielec- 
tric-constant materials is advantageous.'~* Con- 
tinued research and development has produced 
materials useful over a wide temperature range 
and possessing good performance characteristics 
under prolonged electrical stress. Typical of 
materials are the chlorinated biphenyls 
the 


It is the purpose of this paper to 


such 


(Aroclors) naphthalenes 


and chlorinated 


(Halowaxes). 


Elec tron Ds 
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Engineers 

Minnesota; 
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330-335; November, 1952. 
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Minneapolis, 
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29, pages 698 702: June, 1937. 

21. J. Berberich, C. V. Fields, and R. E. Marbury, 
“Characteristics of Chlorinated Impregnants in Direct 
Current Paper Capacitors,” Proceedings of the IRE, 
volume 33, pages 389-397; June, 1945. 
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introduce a new family of chlorinated hydro- 
carbons, although details will be given for just 
one member of the family at this time. 


1. Chlorinated Indans 


For many years the Federal Telecommunica- 
tion the 
substituted phenylindan derivatives, and_par- 
ticularly in the compound having the structural 


Laboratories has been interested in 


formula shown in Figure 1. 

This materi if can be obtained in good yields, 
and economically, from available raw materials 
by relatively simple processes. It is a crystalline 
material having a melting point of 52 degrees 
centigrade, a boiling point of 145 degrees centi- 
grade at a mercury pressure of 4 millimeters, and 
a refractive index at 20 degrees centigrade of 


CH, 


Figure 1—-Structural formula of 1,3,3-trimethyl- 


1-phenylindan. 


ELECTRICAL COMMUNICATION ¢ June 1953 





1.5660. At its melting point, it has a dielectric 
constant of 2.55 and a dissipation factor of 
0.0014. Despite the fact that it is not possible to 
construct a model of this compound using con- 
building blocks, 


ventional Fisher-Hirschfelder 


VISCOSITY IN SAYBOLT UNIVERSAL SECONDS 


TEMPERATURE IN DEGREES FAHRENHEIT 


Figure 2—Saybolt viscosity of dichloro-1,3,3-trimethy]l- 
Plotted on 
American Society for Testing Materials standard viscosity 


1-phenylindan as a function of temperature. 


temperature chart B. 


which is normally taken as indicating that such a 
structure, if possible, would be highly unstable, 
the substituted indan has been found to possess 
a high order of stability. 

This high stability encouraged the preparation 
of the chlorinated derivatives, and it has been 
found possible to prepare the full range of 
products up to and including the nonachloro 
derivative, ranging from a mobile light-colored 
liquid to brittle high-melting-point resins. Al- 
though data have been accumulated on the whole 
range of the particular 


properties of the dichloro derivative were such as 


products obtained, 
to offer immediate application possibilities, and 
these properties have been studied most ex- 
tensively. 
Dichloro-1,3,3-trimethyl-1-phenylindan, to 
which the trivial name /.NV-420 has been given, is 
a clear, lightly yellow-colored, medium-viscosity 
Repre- 
with 


material having a bluish fluorescence. 


sentative physical data, in comparison 
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pentachlorobiphenyl (Aroclor 1254), are shown 
in Table The data for ]N-420 and 


1254 were determined in our laboratories; 


Aroclor 
those 
obtained tor the latter impregnant are in general 


accord with the information contained in the 
trade literature.‘ 

The viscosity of JN-420 as a function of tem- 
perature is given in Figure 2. 

The electrical properties of this material have 
been extensively investigated using a rhodium- 
plated guarded test cell. The 60-cycle 


second dielectric constant and dissipation factor 


per- 


measurements were made on a modified 60-cycle 


Schering bridge operating at 3000 root-mean- 


square volts, and with a dielectric voltage stress 
volume- 


of 37.5 volts per mil. Direct-current 


measurements were made with 


General 544-B 
Measurements of dissipation factor and dielectric 
frequencies from 400 to 100,000 


resistivity 


Radio type megohm bridge. 


constant at 


cycles per second were made on a special audio- 


frequency test set. The temperature of the test 


TABLE 1 


PuysicAL Properties oF ITN-420 and ArocLtor 1254 


Property IN-420 
Refractive Index at 25 
Centigrade 
Specific Gravity at 65 Degrees | 
per 15.5 Degrees 1.141 1.502 
Pour Point in Degrees Centigrade 8 8 
Acidity in Milligrams NaOH pet 
Gram 
Free Inorganic Chlorides in Parts 
per Million 
Distillation Range in De 
Centigrade 
First Drop 
10 Percent 
40 Percent 
90 Percent 
Flash Point in Degrees Centigrade 
Fire Point in Degrees Centigrade 


Devrees 


1.5838 1.6380 


0.001 0.001 


0.05 


yrees 


cell was maintained within 0.2 degree centigrade 
for a 45-minute period previous to each meas 
urement. 

The curves of dielectric constant and dissipa- 
at 60 cycles versus temperature are 
Figures 3 and 4. The 


centigrade 


tion factor 


plotted in dissipation 


factor above 30 degrees is purely 


ionic, increasing logarithmically with increasing 


Monsanto Chemical Company Tech 


Louis, Missouri; June, 1950 


‘The Aroclors,” 
nical Bulletin P-115, St 





temperature. Below 30 degrees centigrade, the 
dissipation factor increases, going through a 
maximum at 6 degrees, then decreasing. The 
60-cycle dielectric constant decreases as the tem- 
perature is increased from 5 to 100 degrees 
centigrade with an average relative change of 


0.012 per degree centigrade due primarily to 


Peal 
HEH 


1G CONSTANT 


DIELECT 


40 60 


TEMPERATURE IN DEGREES CENTIGRADE 


Dielectric constant at 60 cycles of dichloro- 


Figure 3 
function of | tert- 


1,3,3-trimethyl-1-phenylindan 


perature. 


as a 


decreasing density. Below 5 degrees centigrade, 
the dielectric constant decreases rapidly, becom- 
ing asymptotic to a value of approximately 2.58. 
The inflection point of this curve occurs at ap- 
proximately —6 degrees centigrade. The phe- 
nomenon centering about the —6-degree point 
is the dipolar anomalous dispersion, the molecule 
dipole being in resonance with 


the applied 60-cycle voltage at 


cycle to 100-kilocycle range. The 60-cycle point 
is taken from Figure 4. The change in dielectric 
constant over the frequency range is less than 
1 percent, the mean value being 5.71. 

A curve of direct-current volume resistivity 
versus temperature from 40 to 100 degrees centi- 
grade is plotted in Figure 6. The points plotted 
are the averages of measurements made on four 
specimens. These measurements were made after 
an electrification period of 3 minutes. Although a 
1-minute electrification is the more common, it 
was found that use of a 3-minute period resulted 
in the obtaining of more stable values and hence 
in an improved reproducibility of measurements. 

The corresponding data for Aroclor 1254 in- 
dicate a general similarity, and for comparison 
we may take data at 50 and 100 degrees centi- 
grade as shown in Table 2. 


TABLE 2 


ELECTRICAL PrRopPERTIES OF IN-420 AND ArocLoR 1254 


Degrees 


Centigrade Tan 6 


Material 
| 
I N-420 | 50 0.00085 
100 0.0400 
| 50 ; 0.0011 
100 0.0427 


\roc lor 1254 


The values of dissipation factor for ]N-420 
are slightly better than for Aroclor 1254 and the 
the two 


direct-current resistivity values for 





this temperature. 


may 


Individual samples 








lit 


\J 
- 





show slight differences in dissi- 


‘ip 








pation factor at temperatures 
above 30 degrees centigrade 
due to the presence of small 
amounts of adventitious mate- 
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rial such as water, but the 
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values shown may be taken as 
representative of clean, dried 
material. 

A curve of dissipation factor 
at 24.0 degrees centigrade 
versus frequency from 60 
cycles to 100 kilocycles per 


DISSIPATION FACTOR AT 60 CYCLES 


second is plotted in Figure 5. 


Measurements were made on Figure 4 


two specimens over the 400- 
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TEMPERATURE IN DEGREES CENTIGRADE 


Dissipation factor at 60 cycles of dichloro-1,3,3-trimethyl- 
1-phenylindan as a function of temperature. 
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materials IN-420 however, 
has a somewhat higher dielectric constant of 4.90 
at 100 degrees centigrade as compared to 4.25 
for Aroclor 1254 at the same temperature. 

The dielectric-strength properties of 
pregnants are obviously of great importance to 
the user of such materials for electric apparatus 
and components, and comparative tests in our 
laboratory made on JN-420 and Aroclor 1254 
gave values of greater than 45 kilovolts and 


are comparable. 


im- 


greater than 35 kilovolts, respectively, for an 
electrode spacing of 100 mils. Also of interest 
is the maintenance of high breakdown values on 


repeated testing of the same sample of J.V-420. 


2. Life-Test Studies 


physical and electrical 
it was felt 


On the basis of the 
results obtained on this new material, 
that some practical data on its use potentialities 
Therefore, capacitors were 


would be in order. 


NX 


nD 
nt 
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DISSIPATION FACTOR 


FREQUENCY IN CYCLES 


Figure 5—Dissipation factor at 24 degrees centigrade 
of dichloro-1,3,3-trimethyl-1-phenylindan as a function of 
frequency. 

assembled, comprising 0.0005-inch-thick alumi- 
num foil separated by two thicknesses of 0.0004- 


(Peter J. 


approximate Ca- 


inch unbleached kraft capacitor tissue 
Schweitzer, Inc.), having an 
pacitance of 0.06 microfarad when impregnated. 
Kraft 
capacitors in view of the reported superiority of 


tissue was used in assembling these 
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ssistivity of dichloro 


function of 


Figure 6—Direct-current volume re 


1,3,3-trimethyl-l-phenylindan as a tem 


perature, 
this material compared with linen paper.5® For 
comparison purposes, Aroclor 
half of the 


Was 


1254 was used as 


an impregnant in units assembled, 


the ere 
and impregnation to ensure minimum 


and atest care exercised during 


assembly 
contamination. In some experiments stabilizers?" 
were added to the chlorinated impregnant. 
Some of the units were put on continuous life 
test at 120 and others at 125 degrees centigrade, 
voltages used were 450 and 600 volts 
The 


plotted in a conventional manner on logarithmic 


while the 
direct current. results obtained have been 
probability paper, from which the life value for 
50-percent obtained. A 
comparison of these data enables some measure 


of the to be 


failure can be direct 


usefulness of the new impregnant 


D. A. McLean, “Paper Problem 
paratus " Paper Trade Journal 
January 27, 1944 

‘Dp. A. McLean, L. I 
Capacitors Containing Chlorinated [mpregnant 
dustrial and Engineering Chemistry, volume 38 
1110-1116; November, 1946 

ID \. McLean and I Kg “Paper ( pac 
Containing Chlorinated Impregnant—-Stabilization — by 
Anthraquinone,” Industrial and Engineerin 
volume 37, pages 73-79; January, 1945. 

‘LL. J. Berberich and R. Friedman, ‘“Stabi 
Chlorinated Biphenyl in Paper Capacitors,”’ Industrial and 
Engineering Chemistry, volume 40, pages 117-123; January 
1948, 


volume 


gerton, and C, (¢ 


erton, 
Chemists y, 


lization of 





determined. Figure 7 gives the data for 120 At the somewhat higher temperature of 125 


degrees centigrade and 450 volts, Figure 8 that degrees centigrade, as shown in Figure 9, a 
for 120 degrees centigrade and 600 volts, and corresponding superiority was maintained, the 
ligure 9 that for 125 degrees centigrade and 450 50-percent-failure points being 35 hours and 85 
volts. 

Krom Figures 7 and 8, it will be seen that the 
IN-420 is superior in life characteristics under 
the stated conditions to Aroclor 1254, even when 
the Aroclor is improved in a known manner by 
the addition of 0.5-percent anthraquinone. Thus, 
as is seen in Figure 7, the 50-percent-failure point 
for plain Aroclor 1254 was 85 hours; for Aroclor 


IN HOURS 


1254 plus 0.5-percent anthraquinone, it was 300 
hours; whereas for plain JN-420 the value was 
375 hours. Should 0.5-percent anthraquinone be 
added to the 1N-420, then the same stabilizing 
influence of the additive is evidenced, the 50- 


LIFE 


percent-failure point for this mixture being in 
excess of 2000 hours. Similarly, as shown in 


20 30 50 70 80 90 95 98 


Figure 8, the 50-percent-failure point for ca- 
PERCENTAGE 


pacitors impregnated with stabilized 1N-420 at 


600 volts direct current was 250 hours as com- Figure 8—Continuous-life-test data at 120 degrees 
centigrade and 600 volts direct current of capacitors im- 


pared with 122 hours for the stabilized Aroclor 
pregnated with stabilized /.N-420 and Aroclor 1254. 


1254. 








it 
NOT 


AROCLOR 1254+ 
STABILIZER 
= Garr eames 


ae 


Gaal 
NI TTT 
al 

It 
\ 
\ 

TT 


NL 
a 


IN HOURS 
LN 
\\. H 

TUN 

> 

z 

°o 

°o 

e 

° 


x 
\ 
TK 
LIFE IN HOURS 


5 
c 


= 
PA 
S 
! 
‘= 
Ny | 
| 


iN 
il 





tt 
ae 
LTT 


I 7 
eee 10 2030 50 7060 90 95 98 
PERCENTAGE 


Figure 7—-Continuous-life-test data at 120 degrees Figure 9—Continuous-life-test data at 125 degrees 
centigrade and 450 volts direct current of capacitors im- 


centigrade and 450 volts direct current of capacitors im- 
pregnated with unstabilized 7]. V-420 and Aroclor 1254. 


pregnated with stabilized and unstabilized /.N-420 and 
Aroclor 1254. 
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hours for the unstabilized Aroclor 1254 and [.N- 
420), respectively ? 

The life-test studies reported herein were per- 
formed under direct-current-test conditions be- 


cause of the severer and more rapid breakdown 


of impregnated capacitors under such a stress.° 


Preliminary results reported by an outside 


laboratory on capacitors impregnated with /.V- 


*D. A. McLean, L. Egerton, G. T. Kohman, and M. 
Brotherton, “Paper Dielectrics Containing Chlorinated 
Impregnants; Deterioration in Direct-Current Fields,”’ 
Industrial and Engineering Chemistry, volume 34, pages 
101-109; January, 1942. 

'0M. Brotherton, ‘‘Capacitors— Their Use in Electronic 
Circuits,” First Edition, D. Van Nostrand Company, New 
York, New York; 1946. 


June 1953) © ELECTRICAL COMMUNICATION 


420 and evaluated under alternating-current test 


conditions are very promising. Further evalua 
tion of alternating-current applications is con 
tinuing, and these results will be reported at 


another time. 


3. Conclusion 


It will be seen, therefore, on the basis of the 
foregoing, that 7N-420, a new chlorinated liquid 
dielectric, possesses physical and electrical char 


acteristics indicating its usefulness particularly 


in capacitor applications and for use at elevated 


temperatures where its remarkable stability 


under electrical stress can be exploited 





Microwave Technique for Studying Discharges in Gases* 


By M. A. LAMPERT? and A. D. WHITE 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 
, ¥, . 


ICROWAVE measurement techniques 
have been applied in recent years 
with notable success to the study 


of discharges in gases. Outstanding contribu- 
tions in this field have been made by the group 
Allis 
at Massachusetts Institute of Technology. The 
group 
largely on the study of discharges initiated and 
The 


authors’ group, until recently under the guidance 


associated with Professors and Brown 


efforts of this have been concentrated 


maintained by radio-frequency energy. 
of Ladislas Goldsteinf, has also used microwave 
techniques to study both continuous and pulsed 
radio-frequency and direct-current discharges. 
Most of the previous studies have been con- 
cerned with problems of gas breakdown and with 
measurements of electron density, electron tem- 
perature, and with electron—molecule collisional 
the the 
paper to describe a new technique for the ex- 


frequen ies. It is purpose of present 


ploration of a gaseous discharge, namely a tech- 
nique in which a microwave signal functions as a 
type of localized probe. Though the technique 
in its present form does not admit of very great 


precision, nevertheless, the results obtained 


thus far are sufficiently interesting and suggestive 


to merit publication at this time. 


1. Glow-Discharge Field Distribution 


A few remarks are in order as to some of the 


considerations underlying this work. Figure 1 


shows various characteristics of a cold-cathode 


glow discharge, as taken from the Druyvesteyn 


Penning article.' Of particular interest is the 


the Conference on Gaseous Electronics 
at Princeton, New Jersey, on September 5, 1952. This 
work was sponsored by the United States Army Signal 
Corps Engineering Laboratories; Fort Monmouth, New 
Jersey. 

t Now with RCA Laboratories Division; Princeton, New 
Jersey. 

t- Now on the 
Urbana, Illinois. 

'M. J. Druyvesteyn and F. M 
of Electrical Discharges in 
Reviews of Modern Physics, 
April, 1940 


* Presented at 


faculty of the University of Illinois; 
“Mechanism 
Pressure,” 


174; 


Penning, 
Low 
pages 87 


Gases of 
volume 12, 


electric-field-distribution curve /, which is seen 
to cover a wide range of values, even reversing in 
a narrow region near the cathode. In view of such 
a distribution, it might be expected that if in 
some fashion one could subject successive 
localized regions of the direct-current discharge 
the 


effects on the discharge would depend markedly 


to radio-frequency fields, then resulting 


on the region exposed. 


2. Apparatus 


A way of making such a study is illustrated in 
Figure 2. A small-bore cold-cathode discharge 
tube is inserted through a section of specially 
fabricated pancake waveguide, as shown on the 
right. This pancake waveguide has an_ inside 
of only 0.040 inch (1 The 
continuously by a 


height millimeter). 


discharge is maintained 
battery, and the current is limited by a series 
resistor. When microwave energy is fed into the 


waveguide transmission system, a_ radio-fre- 


quency field is impressed across that narrow part 
of the discharge inside the pancake waveguide. 
The the electric field 


presence of microwave 


" 


Figure 1—Light emission (at top), potential distribution 
V, and field strength E of a direct-current glow discharge 


in a long tube. 
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across part of the discharge causes a change in 
the discharge direct current. This current change 
is the quantity studied in these experiments. 
The waveguide system seen to the left in 
Figure 2 consists of standard measuring and 


SLIDING 
SCREW 
TUNER 


RADIO- 
FREQUENCY 
INPUT | 


“il 


PRECISION 
CALIBRATED 
VARIABLE 
ATTENUATOR 


STANDING-—WAVE 
DETECTOR 


LAUNCHING 
SECTION 


Figure 2—Circuit for probing a direct-current gas 


discharge by microwaves. 


matching components. A linearly tapered trans- 
ducer matches the standard 2-by-1-inch (5-by- 
2.5-centimeter) waveguide to the pancake wave- 
guide. The signal frequency used in the experi- 
ments was approximately 5000 megacycles, and 
the radio-frequency power level was in all cases 
less than 100 milliwatts. By using a microwave 
pulse, rather than a continuous signal, it was 
possible to display visually the effects of the 
microwave energy on 
the discharge current by 
connecting a video- 
frequency amplifier and a Sa 
cathode-ray oscilloscope 

to the 
The microwave pulse en- 


series resistor. 
RADIO- 
FREQUENCY 


velope was rectangular INPUT 


and between 10 and 40 
microseconds long. 
Actually, signal is ap- 
plied only to the region 
of the discharge within 
the pancake guide, but 
the fields also spread 
through the holes in the 
guide to adjacent regions 


To 


Figure 3 
of the discharge. 
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COLLAR FOR CONFINING~ 
RADIO-FREQUENCY FIELDS 


Cross-section of pancake-waveguide 


and discharge-tube portions of apparatus 


limit this spreading, metallic collars have been 
placed around the discharge tube. The diameter 
of the collars is such that rapid attenuation of 
the signal takes place in the collar. However, 


to the extent that signal leakage into the collar 


DISCHARGE 
TUBE IN 
PANCAKE 
WAVEGUIDE 


LINEARLY GAS 


TAPERED 
TRANSDUCER 


VIDEO - 
FREQUENCY 


OSCILLOSCOPE AMPLIFIER 


regions takes place, the microwave ‘probe’ is 
correspondingly not sharply defined. 

Figure 3 shows a magnified version of the test 
end of the experimental setup. The section of 
pancake waveguide is shorted at a point three- 
quarters of a guide wavelength from the gas 
the the 
inside the guide to a region of maximum signal 


field. 


tube to subject part of discharge 


GLASS ENVELOPE 


WAVE GUIDE —~ ANODE 


LINEARLY TAPERED 


TRANSDUCER v PANCAKE 


\ WAVEGUIDE 


ic CATHODE 


—~ 


-o 
, 3 T 
a WAVELENGTH 





3. Experimental Results 1 | INCIDENT 
; . : UL 
Some qualitative forms of the data obtained E ‘al Cain 


! 
with a neon discharge are shown in Figure 4. 


The visual appearance of the discharge is 
indicated on the left, the outlines of the luminous 
regions being shown. On the right are displayed 
various discharge-current waveforms,as viewed 
on the oscilloscope. The waveform at / is the 
envelope of the applied signal pulse. The others 
show the rectified-current pulses that appear 
across the limiting resistor with various regions 
of the discharge exposed to the signal held. Of 
particular interest is the fact that the current 
pulse A obtained at the cathode end of the dis- 
charge shows a prolonged decay following the 
termination of the signal. This is obviously not 
the case with the pulse D obtained at the anode 
end, It should be pointed out that for the am 
plitudes of the various pulses in Figure 4 to 
appear about equal, substantial changes in the 
microwave signal power level were necessary. 
This point is made evident by Figure 5, in CATHODE 
which are plotted quantitative data obtained {|| | {| MICROSECONDS 
in the same experiment, It was observed that a a i i i a ll 
linear relationship exists between the signal tube when the microwave pulse is applied to the indicated 


power level and the resultant change in dis regions of the discharge. The form of the microwave pulse 
is shown at FE. The discharge 
tube was filled with neon at a 
DISTRIBUTION OF pressure of 5 millimeters of mer- 
LUMINOUS REGIONS 
IN DISCHARGE cury The electrodes were of 
aluminum. The steady-state dis- 


charge current was 0.30) mill 


ampere 





DECIBELS 


N 
REFERRED TO MAXIMUM CHANGE 





Figure 5—At left, change in 


discharge current during radio 





frequency pulse as a function of 
the position of the gas tube in 
the waveguide. The sketch above 
the chart shows the correspond- 


ing luminous regions in the dis- 


IN DISCHARGE CURRENT 


charge. The tube was filled with 
neon to a pressure of 5 milli 


meters of mercury and had alu- 


CHANGE 


minium electrodes. Steady-state 


ATTENUATION IN DECIBELS OF TE,, MODE IN COLLAR 


' 
on : ; 0.3 0.4 0 0.1 o8° discharge current was 0.50 milli- 
CENTIMETERSO 025 O85 O75 10 125 0 025 O85 
has a slope of 6.6 decibels per 


DISTANCE OF CATHODE FACE FROM DISTANCE FROM millimeter (168 decibels per 


PANCAKE WAVEGUIDE HOLE IN 
WAVEGUIDE inch). 


ampere, The attenuation curve 
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charge current. Thus, even though the experi- 
ments were done by varying the power level in 
the waveguide to hold the change in the dis- 
charge current constant, it is permissible to plot 
the results as though the signal power had been 


“Ep 








IN DECIBELS REFERRED 


CHANGE IN DISCHARGE CURRENT 
TO MAXIMUM CHANGE 


INCHES =O 0.02 0.04 0.08 
MILLIMETERS +O 0.5 0.1 : 2.0 


computed attenuation of the microwave signal 


collar 
the 


mode) inside the region 


TREy 
from 
This 


decibels per millimeter 


(in the 


measured the point where signal is 


attenuation amounts to 6.6 


168 decibels per inch) 


impressed 























0.12 0.14 0.20 0.22 
2.5 3.0 3.5 5.0 5.5 


CATHODE-TO-ANODE SPACING D 


Figure 6—Change in discharge current during radio 
frequency pulse as a function of cathode-to-anode spacing 
The sketch at the right indicates the placement of the 
movable-electrode discharge tube in the tapered trans 
ducer. The tube had aluminum electrodes and was filled 
with neon plus one-percent argon to pressures of 6 milli 


dashe d 


disc harge 


meters of mercury (solid line) and 12 millimeters 


line The 


currents in milliamperes for the various spacings 


numbers indicate the steady-state 


held constant and the discharge-current changes 
were measured directly. The results are plotted 
in this fashion as the ordinate of the graph on 
the left in Figure > the abscissa being the posi- 
tion of the discharge tube with respect to the 
pancake waveguide. Directly above the chart is 
shown the corresponding region of the discharge 
that is exposed to the radio-frequency field. The 
ordinates are plotted in’ decibels below” the 
maximum change in current. Thus, the minima 
in the curve indicate regions in the discharge 
that are particularly sensitive to signal influence. 
It is seen that there are three such regions, the 
most sensitive being near the cathode, the other 
two being near the anode and in a middle region, 


respectively. The graph on the right shows the 
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MOVEABLE 
ANODE 


TAPERED 
TRANSDUCER 


FIXED 
CATHODE 


the 
the 


The 


characteristic on 


parallelism — of SCHSILIVITN 


the left 


general 
and attenuation 


curve on the right indicates that the sensitive 


regions are really very narrow. The sensitivits 


characteristi would, no doubt, rise much more 
steeply away from the minima if it were not for 
the spreading of the microwave signal into the 
collar region. 

These results may be related to the character 
istics of the glow discharge, particularly to the 


hus, 


hypothesis that the region of the discharge neat 


electric-field distribution it is a reasonable 


the cathode that is sensitive to radio-frequency 


fields is the narrow region of reversed electric 


field near the cathode seen in Figure 1. Support 


ing this hypothesis are the data illustrated in 





Figure 6. In this experiment, the gas tube was 
mounted in a fixed position through two holes in 


the transducer, as shown, and the. over-all 


sensitivity of the discharge to the signal was 
measured as the cathode-to-anode spacing Was 
varied. The ordinate is the same as in Figure 5, 
and again a minimum in the curve indicates high 
sensitivity. Results are plotted for a glow 
discharge in a gas mixture of neon plus 1-percent 
argon at two pressures. The battery voltage is 
fixed, the single variable in the experiment being 
the cathode-to-anode spacing, plotted as the 


‘| he 


electrode spacings are 


abscissa. discharge currents for various 


indicated for various 


The 


the sensitivity 


most’ conspicuous 


the 


points on the curves. 
feature of characteristic is 
sharp decrease in sensitivity when the spacing is 
below that corresponding to maximum. sensi- 
tivity. The slowly changing discharge current in 
this region indicates that this decrease in 
sensitivity is not due to a fundamental change in 
the over-all discharge but simply to removal ot 
the localized region sensitive to the microwave 
field. The pressure dependence is as expected, 
the lower the pressure, the farther the sensitive 


region is from the cathode. 


4. Conclusions 


One may speculate, using plausible physical 
arguments, as to why the region of reversed 
field the the 


discharge should be very sensitive to microwave 


electric near cathode in glow 


fields. Insofar as the initial 


disturbance of the discharge by the signal field 


nonequilibrium 


is concerned, one may reason as follows. This 


region of reversed electric field is a_ barrier 
region that slow electrons cannot cross on their 
way to the anode. The presence of such slow 
electrons in this region is assured by the sub- 
stantial number of ionizing and other inelastic 
the The 


electrons that cannot pass the barrier are tem- 


collisions occurring in region. slow 
porarily trapped. The presence of even a very 
weak signal field in this region changes the num- 
ber of trapped slow electrons. (There may be an 
increase or decrease depending on many factors, 
such as the direct-current and radio-frequency 
electric-field distributions in this region.) This 
change could account for the onset of the 
disturbance. For the disturbance to reach equi- 
librium, it must reach the cathode where either 
the electron or ion current must change. 

The major purpose of the present paper has 
been to illustrate the use of a new technique for 
the exploration of gaseous discharges, namely a 


technique in which a microwave signal is em- 


ployed as a localized probe. In addition, it is felt 


that 


by the authors these experiments lend 
substantial weight to the hypothesis that sensi- 
tivity of a direct-current cold-cathode glow 
discharge to radio-frequency fields is related to 
the existence of one or more regions of reversed 


electric field in the discharge. 
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Telephone Statistics of the World* 


PPROXIMATELY 79.4 million tele- 
phones were in service throughout the 
world on January 1, 1952, reflecting an 
increase during the year of 4.6 million, 

Nine countries reported more than one million 
telephones in service on January 1, 1952: United 


Western 


Germany, France, Japan, Sweden, Italy, and 


States, United Kingdom, Canada, 


Australia. Of the world’s principal countries, 
six had more than 15 telephones per 100 of the 
population: United States (29.3), Sweden (25.2), 
Canada (22.1), Switzerland (19.9), New Zealand 
(19.9), and Denmark (17.5). 

The entire telephone industry in the United 
States is operated under private ownership. 
The American Telephone and Telegraph Com- 
pany and its subsidiaries operated more than 80 
percent of this country’s 45,636,437 telephones; 


there were nearly 5,500 other privately owned 
telephone companies at the beginning of 1952 

Physical facilities exist for the potential con 
nection of a telephone user in the United States 
with about 96 percent of the world’s telephones, 
although political restrictions prohibit certain 
international connections at present. 

Only those telephones that are available to 
the general public are taken into consideration. 
Thus 


private-line telephones used exclusively by rail 


private intercommunicating sets and 


roads and other agencies not having connection 


with a commercial system are excluded.  Sta- 
tistics reported as of other dates have been 


1952. Where 


obtained, estimates 


adjusted to January 1, current 


official data could not be 


have been based on the latest figures avail- 


able. 


TELEPHONES IN CONTINENTAL AREAS 


Partly estimated; statistics reported as of other dates have been adjusted to January 1 


lotal Telephones 


Continental Area 

Percent 
of Total 
World 


Number 


North America 18,796,300 61.5 


Middle America 593,700 0.7 


South America 931,000 


Europe 2,362,000 


Africa 986,000 


Asia 944,000 


Oceania ,787,000 


World 400,000 


United States 5,636,437 


Per 100 
Popu 
lation 


28.7 48,353,000 909,100 


540,500 422 700 


966,200 468,400 


3,453,400 5,903,500 


18,200 648,800 


213,100 393, 000 


125,400 156.400 


53,669,800 67 901,900 


45,636,437 100 32,900,000 


* Abridgement from a booklet issued by The American Telephone and Telegraph Company; New York, New Yor 
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TELEPHONES IN COUNTRIES OF THI 


NORTH AMERICA 


MIDDLE AMERIC 
Bahan 
tarbad 


$riti 


Haiti 
Hond 
Jamai 


Martinig 
Mexic 
Nether] 


icaragua 


Panama 

Puerto Ri« 
Trinidad a 
Virgin Isl 


St. Vincent 
Total 


SOUTH AMERICA 
Argentina 
Bolivia 
Brazil 
British Guiana 
C hile 


Colombia 
Ecuador 
Falkland Island 
French Guiana 


Paraguay 


Peru 
Surinan 
Uruguay 
Venezuela 


EU ROPI 
Albania 
Andorra 
Austria 
Belgium 


Bulgaria 
Czechoslo 
Denmark 
Finland 


France 


C,ermany 
Crermany 
Gibraltar 
Crreece 


Hungary 


(1) Data partly estimated 
(2) June 30, 1952 


(3) Excluding telephone systems of the United States military forces 


(4) June 30, 1951 


19.669 
3.140.000 
0 
160 

437 


$27 
535 
100 
181 
700 


7,864 
000 
407 
276 
316 


4107 
961 
O80 

494 


426 
715 


60,000 
350,708 
700,244 
359,201 
§20,762 


359,000 
700,104 
1.400 
88,439 
117,000 


WorRLD 


195? 


605 
O00 


Ss 
912 
i) 
0 


700 

905 

211 
0 
0 


587 
535 
200 
0 
700 


7,999 
200 
0 

0 

0 


407 
0 
O85 
74,494 


43 0 
oO 

722,090 

57 312,282 
62 0 


55.7 
87 
89 
93 
73 


64 
Ooo 


1600 
0 


426 


715 


60, 
350 

38, 
416 


2,520,762 


359,000 
700,104 
1,400 
0 
117,000 


(5) January 1, 1948 (latest official statistics). 


(6) March 31, 1952 


+ Less than 0.1 
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TELEPHONES IN COUNTRIES OF THE WorLD—Continued 


EU ROPI 
Iceland 1,368 
Ireland 90,307 
Italy 1,382,438 
1,967 
679 


Liechtenstein 
Luxemburg 24 


400 


Malta and Gozo 7,366 J 
Monaco 53? 2 - ea 
Netherlands 036 : 821.046 


Norway ) 706 396.056 
Poland 000 


30.000 


Portugal 161 
Romania 000 
San Marino 100 
Spain 473 

874 


weden 


Switzerland 150 

rieste 191 
Russia ( 181 
United Kingdom 724,440 
Yugoslavia 000 


4440 


Ooo 


AFRICA 
Algeria 
Anglo-l-gyptian Sudan 
Sasutoland 
Bechuanaland Protectorate 
Belgian Congo 
British East Africa 


British South Africa 
Nyasaland Protectorate 
Northern Rhodesia 738 
Southern Rhodesia 26,729 
Total 701 


British South-West Africa 5,000 000 


British West Africa 
Gambia 
Gold Coast 
Nigeria 
Sierra Leone 


Potal 


Comoro Archipelago 
Egypt 

Eritrea 

Ethiopia 

French Cameroon 


Fren ( \frica 
Fren 
Fren 
Frenc 


Libya 
Liberia 
Madagascar 
Mauritius 


Morocco 
French Zone 
Spanish Zone 
Tangier Zone 

Potal 


Portuguese Africa 
Angola 
Cape Verde Islands 
Mozambique 
Portuguese Guinea 
South Tome and Principe 
Potal 


Reunion 

St. Helena 

Seychelles and Dependencies 
Somalia 

Somaliland Protectorate 
Spanish Guinea 
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TELEPHONES IN COUNTRIES OF THE WoRLD—Continued 


sss 


Ownership 
' ’ercent ~ . 
' ; Total Per 100 Percen 
ountry teil Pandation Automatic 
-phones opulation Dial 
ial) 
Private Government 


AFRICA—Continued 
Spanish West Africa 
Ifni 
Spanish Sahara 


Total 


Swaziland 

Tunisia 

Union of South Africa 
Zanzibar and Pemba 


ASIA 
Aden, Colony of 
Afghanistan 
Bahrain 
Brunei 


1,460 5 | 0 1,460 
4,500 0 4,500 
718 7 718 “4 
SO 0 RO 
5,200 


Burma 5,200 oe 0 


1,833 | 0 1,833 
18,362 0 18,362 
255,000 . | 95,000 | 160,000 
5,347 | 5,347 0 

0 76 


Cambodia 
Ceylon 
China 
Cyprus 
French India 76 


31,947 | 31,947 i) 
183,935 ; 1,966 969 
58,707 | 0 8,707 
30,000 26,800 | 200 
24,165 ; : | tH) 165 


Hong Kong 
India 
Indone la 
Iran 

Iraq 


35,972 | 0 j wie 
2,013,439 2 ) 0 439 
4,714 0 714 
600 | 0 600 

187 | 0 187 


Israel 
Japan 
Jordan 
Kuwait 


Laos 


Lebanon 19,649 | 0 649 
Macao 1,536 | 0 1,536 
Malaya 28,086 | : 0 28,086 


Muscat and Oman 102 0 102 


North Borneo 675 7) 675 


Pakistan 20,662 | 0 662 


Philippine Republic | 30,345 319 
Portuguese India 220 | 0 220 
Sarawak | 720 | | 0 720 
Saudi Arabia 080 | 0 080 
Singapore 625 0 
Syria 449 
Thailand | 100 
Turkey 72,730 
Viet-Nam ,120 
Other Places 82,000 


OCEANIA 
American Samoa 297 


Australia i ; 212 
Fiji 064 


French Oceania 
French Settlements 
New Caledonia 

Total 


Hawaii 
Netherlands New Guinea 
New Zealand 


Pacific Islands (British) 
Gilbert and Ellice Islands 
New Hebrides Condominium 
Pitcairn Islands 
Solomon Islands Protectorate 
Tonga (Friendly) Islands 
Total 


Papua-New Guinea 
Portuguese Timor 


South Seas Mandate (United State 
Caroline Islands 
CGjuam 
Marianne Islands (less Guam) 
Marshall Islands 
Total 


Western Samoa 
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TELEPHONE CONVERSATIONS FOR THE YEAR 1951 


Conversation data were not available for all countries 


Sse 


Number of Conversations in Thousands 


Country ermaseesannsena este erecta 


Local oll lotal 

Algeria 47,400 8&,900* | 66,300 
Argentina 2,921,800 7,000 2,958,800 
Australia 957,100 600 1,027,700 
Belgium 433,200 300 | 495,500 
Brazil 1,841,900 800 1,874,700 
Canada 5,170,000 700 j 5,297,700 
Ceylon 37,700 800 40,500 
Chile 359,000 500 378,500 
Colombia 346,300 300 351,000 
( 715,000 500 720,500 
946,400 900 106,300 
456,500 400 466,900 


uba 
Denmark 
Egypt 


Finland 483,400 800 559,200 
France | 500 i .729,700 
Germany, Western 1,828,500 400 ,192,900 
Greece 264,400 800 268,200 
Iceland 51,700 200 52,900 
Ireland 75,300 000 86,300 


Israel 70,700 300 | 74,000 
Italy 2,182,000 600* | 2,313,600 
43,000 500 43,500 
Japan 7,162,000 500 | 564,500 
Luxemburg 9,000 800 17,400 
Malaya 68,800 900 | 78,700 


Jamaica 


Mexico 692,000 8,700 700,700 
Netherlands 587,500 73,800 | 761,300 
Norway 466,800 800 516,600 
Paraguay 17,200 | 200 17,400 
Peru 136,000 | 200 138,200 
Philippine Republic 231,100 400 | 231,500 


157,700 30,300 | 188,000 
87-900 ? 600 90,500 
1,619,300 | 66,000 | 685,300 
2,080,100 117,900 | .198,000 
408 400 315,100* | 723,500 
15,600 6,500 22,100 


Portugal 
Puerto Rico 
Spain 
Sweden 
Switzerland 
lunisia 
Turkey 91,600 11,000 102,600 
nion of South Africa 569,700 42,500 612,200 


l 
United Kingdom 3,273,100 263,400 536,500 
United States 56,025,000 2,080,000 3, 105,000 


Uruguay 296,000 4,300 300,300 
Venzuela 304,800 1.200 306,000 


* Three-minute units. (2) Year ended June 30, 1951. 
(1) Year ended March 31, 1952, (3) Year ended June 30, 1952. 
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Propagation of Space-Charge Waves in Infinite and Finite 
Electron Beams * 


By PHILIP 


lecommunication Laboratories, 


Fede ral Te 


THEORY of the propagation of space- 


charge waves in infinite and finite 

electron beams is given. It is shown that 
for infinite beams in diodes, the theory agrees 
with that of Llewellyn and Peterson. In the case 
of a diode with a finite beam, the current 
modulation propagates as a growing wave. The 
reduction in the noise figure of a traveling-wave 
amplifier due to a voltage jump is smaller for a 
finite beam than for an infinite beam. 


1. Introduction 

The alternating-current properties of diodes! 
with arbitrary direct-current space-charge condi- 
tions have already been discussed? * by Llewellyn, 
but his analysis is restricted to electron beams 
of infinite lateral extension and cannot readily 
be extended to finite beams. In this particular 
paper, Llewellyn’s treatment has been dispensed 
with and it becomes necessary to start anew with 
a small-signal-theory analysis of the propagation 
of space-charge waves in an infinite beam. The 


analysis is then extended to finite beams. 


2. Propagation of Space-Charge Waves in 
an Infinite Beam 
The Maxwell 


for a one-dimensional propagating process in an 


small-signal-theory equations 


infinite electron beam are 


OVo e 


oZ m 


OV» 
AZ 
a] 
OZ 


( jot jut 


+ jwp =O, 


J+ jwoenk =0, 
pot + puo. 
* This work was sponsored by the Signal Corps En 
gineering Laboratories, Fort Monmouth, New Jersey 
1A diode is a re gion between two plane electrodes 
2F. B. Llewellyn, ‘“Electron-Inertia Effects,’’ First 
Edition, Cambridge University Press, London, England; 
1941 
F. B. Llewellyn and L. C. Peterson, “Vacuum- Tube 
Networks,”’ Proceedings of the TIRE, volume 32, pages 144 
146; March, 1944 


PARZEN 

Incorporated; Nutley, New Jersey 

All field quantities vary exponentially (e**‘) 
and the alternating-current quantity is assumed 
to be small with respect to the corresponding 
ae A 


and p are the alternating-current electric field, 


direct-current quantity. Furthermore, £, 


current density, velocity, and charge density, 
respectively ; Ho, Jo, 09, and po are the correspond- 
ing direct-current quantities. The charge e on 
the electron is negative, and m is the mass of the 
electron. 

Solving for all field quantities in terms of J, 
the following differential equations! are obtained 
for J, where the exponential factor jwt has been 
deleted: 


oJ 
ve or t ( ” 


; oJ 


| eJ 4 jeanne ~ tate )J =(), (5) 


Mey AZ 


Vo 4 ( 
— =z |. (6) 
Jw OZ | 
Equation (5) can be simplified by replacing 
distance Z by the transit time r. Let 
y 


-exp (— jwr), 


then 


Substituting (7) and (8) into (5), we find 


a K?Y=0, 


where 


1 oY . ee OVy 


) exp | jwr). (339 


a OT Vo OT 


Phis equation is also derived by J. Bernier in ‘Essai de 
Chéorie du Tube Electronique a Propagation d’Ondes,”’ 
L'Onde Electrique, volume 27, pages 231-243; June, 1947: 
see page 232. Also by L. D. Smullin in ‘Propagation of 
Disturbances in One-Dimensional Accelerated Electron 
Streams,” Journal of Applied Physics, volume 22, 
1496-1498; December, 1949 


pages 
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Thus, given vp as a function of 7, one may 
solve from (9) for ¥, and find J and v from (7) 


and (8). 


Figure 1—Diode with an infinite electron beam. 
The theory will now be applied to a diode 
(Figure 1) with an infinite electron beam. In 
this case, 
O7Up be eJy 


a ; (12) 
OT- Mey 


_1 edo 


=- (13) 
2 mey 


”) 


r+douitt+i1, 


where do; and vp; are the direct-current accelera- 
tion and velocity at electrode 7. Also from (1) 
and (12) we see that A =0. Hence the solution of 
(9) is 

Cele 


” 
CoO 


J (14) 


exp ( —jwr), 


and (14) substituted into (11) gives 


1 . Cir + Ce Ovo 
jor, eS ae OT 


v= ) exp (— jwr). (15) 
C, and Cy. are arbitrary constants to be deter- 
mined by the initial conditions at electrode /. 
Let the subscripts 1 and 2 denote the values of 
the field quantities at the corresponding elec- 
trodes. Then, at 70, from (14) and (15), 


C2=Jivo1, (16) 


v1= (c, ~~ Cs Qo, ). 


a= (17 
jw, Uv 4) 


01 


If we solve for Cy and Cs and substitute in 
(14) and (15), J and v are given by 


jwJ 
; 


Ayit + Vo) ) 
+v 


9 
Vo 


J=J;( 


Vo Or Vo OF 


‘ 7: OU Vor OV 
do, ( 1 —- ')—- “ 
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The expressions for J and v in an infinite 
electron beam are the same as those given? by 
the 


shown by 


Llewellyn. Their agreement with results 


of Llewellyn and Peterson can be 
obtaining an expression for de; in terms of the 


space-charge parameter & Thus, 


e/ 


- = (Vor toe) 
mey 


Hence, 
(Vor t+V02)5 


doy ° 21) 


T° 


By this method, it is possible to obtain 
solutions for regions other than diodes. Let us 
consider an electrostatic lens in which the direct- 


current velocity varies linearly with time or, 
Vo = Aot +101. 
Then, from (10), 
eJ 1 
Mey Vo’ 


K?=- 
and 
y 
Hence, 
and 


see el 


Qo Meo 


Y, are Bessel functions of the 
and C,; and C; 
are arbitrary constants to be determined by the 


In (23), J; and 


first and second kind of order 1, 


initial conditions. Thus, one advantage of this 
method is that its application is not restricted 
to diodes. A second advantage is that it may be 
extended to the effects of thermal 
velocities® and of the finite lateral extent of the 


include 


electron beam.® 


3. Application to Finite Electron Beam 


effect of the 


obtained by 


that the 


may be 


It has been shown® 


electron-beam geometry 


modifying A? in (10) as follows: 


® Philip Parzen, ‘Effect of Thermal-Velocity Spread on 
the Noise Figure in Traveling-Wave Tubes,” /lectrical 
Communication, volume 30, pages 139-154; June, 1953 
also, Journal of A pplied Physi s, volume 23, pages 394 
406; April, 1952 

6 Philip Parzen, ‘“Space-Charge-Wave 
a Cylindrical Electron Beam of Finite Lateral 
Electrical Communication, volume 29, pages 238 
September, 1952: also Journal of Applied Phy 
23, pages 215-219; February, 1952 


Propagation in 
Extent,” 
4? 


volume 





K2= 1 ee 


ae (24) 
Vp\ Or? meg l+T? ~) ) 


Here, yo=w/vo, and T/y¥o is a function of yob. 
The ratio of the beam radius 6 to the radius of 
the surrounding tube is shown in Figure 2. The 
case of the complete-space-charge diode, in 
which do;=v9,=0, has already been discussed.® 
The case now to be discussed is that in which 
the beam current is injected into a diode region 
(Figure 3), and the direct-current velocity is an 
almost linear function of the transit time. This 
corresponds to the case of the voltage-jump gun 
that is 


traveling-wave amplifier. Here, the direct-current 


used as a noise-reducing device in a 


velocity vp is given by 


1 eJo 


2 me, 


(13) 


It is assumed that for most of the time 


Leto 
2m 


(25) 


94 
T°*KAoiT +9}. 


This will be true for small space-charge factors. 
Thus, 

le 279g 7 
~ meg 1 +7 2/762 V0" 


(26) 


and v) may be approximated by do:4+¥01. 

Since K? is always positive, it is seen from (9) 
that the current modulation will propagate as a 
growing wave in a diode. The resultant differ- 
ential equation may be solved approximately by 
the W.K.B.7 method, giving 


7L. Schiff, “Quantum Mechanics,” First Edition, Mc- 
Graw-Hill Book Company, New York, New York, 1949; 
page 181. 
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Figure 2 
2xf/beam velocity, } 


=W/Vod 


radius, Yo 
corrected for beam and drift-tube geometry 





Then, wa’ /we 


Ltd Le tk 


> 


Effect of drift-tube geometry on the plasma frequency in the drift tube. Here, R =drift-tube radius/beam 
beam radius, w¢=plasma frequency in drift tube, and wa’ =plasma frequency 


=1/[1+(T/y0)?]*. 
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yal exp (W)+ C2 exp | ~y) 


Ks 
v-f Kor. 


deleting the 
substituting (27) in (7) and (11), 


Hence, transit-time factor and 


BS Se 5 : 
J=- Kaul! rexp (W)+C. exp (—y) ], (28) 


1 Ok 1 du ) 


eres 
voK 2 OT 


=| ¢ vexp (W)(K om) <r 


+ C2 exp ( -v)( — K's 


1 OK 1 du 

~ 2K% Or ah! Or ) |. 

(29) 

C, and C2 are to be determined by the initial 

conditions at electrode 7. Only the case of J;=0 
will be considered here. Thus, in this case, 


C, = Co, 
Cy = Jud vo 2K‘, 


ad jJwJy sinh y 


J Vo Kiki ' 


1 1 ee: — 1 OK. 
=Ku(A “cosh yp aK a; sinh y 


1 dv sinh eh, (32) 
v% Or K*2 
Letting 


= gvo/Vo2 and g=tb/yorb, (33) 


A > 
e« af Gde, 
i Pi 


, fet, ge \% ‘ 
K =( os ) G, 
Meo Voz 
_ eJ Vo2 

Mey Ao," 


2 e VoitVo2 
= £0Vp2 


“(uv oy 2° 
C02 Voi) 


where & is the space-charge parameter and 


a (; fe) - 
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Hence, 
sinh Y. vy 


QD Gy (re Yoo 


g'? sinh 2/5 1 
A G a3 


(36) 


where wp, is the plasma trequency at electrode 
2. A plot of Gand {° Gd versus ¢ is given in 


Figure 4. 


Figure 3--Voltage-jump diode 


The corresponding formulas for an infinite 


beam are, from (18) and (19), 


The effectiveness of the voltage-jump gun as a 


noise-reducing device depends on the degree of 


bees 


Ns 





a 
oO 
Midme.' a 


es 


4 
Figure 4—Plot of G and Gd@ against 


vy 





validity of (38). As a result, it is important to 
determine the effect of the finite-beam geometry 
on the noise reduction. This is best illustrated 
by the following numerical Let, 


Vor = 200, =0.2, and g=1. Then, 


example. 


G2=0.70, 
v2 = ().34, 
A =1.55. 


i = 0.5, 
2 - 1.0, 
Gy = 0.63, 


For an infinite beam, therefore, 
vo/v,;=0.5, 


and for the finite beam, 


This means that the reduction in noise figure 
is 3.5 decibels greater for the infinite beam than 
for the finite beam considered here. 


4. Conclusions 


A theory of the propagation of space-charge 
waves in infinite and finite beams has been given. 
The Llewellyn-Peterson theory of diodes with 
infinite beams is a special case of this theory, 
which may be applied to configurations other 
than diodes. 

The current modulation in a diode with a finite 
beam propagates as a growing wave. The reduc- 
tion in the noise figure of a_ traveling-wave 


amplifier due to a voltage jump is smaller for a 


finite beam than for an infinite beam. 
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Effect of Thermal-Velocity Spread on the Noise Figure in 
Traveling-Wave Tubes* 


By PHILIP PARZEN 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


FFECTS of thermal-velocity spread on 

the noise figure of a traveling-wave tube 

have been computed by extending a 

method of Hahn. To accomplish this, it has been 

necessary to work out a new theory for the diode- 

drift tube and traveling-wave tube that includes 

the effect of the thermal-velocity spread at very 

high frequencies. Some computations are given 
for conditions met in practice. 


Calculation of the noise figure of a traveling- 
wave-tube amplifier may be reduced to the com- 
putation of the current- and velocity-modulation 
fluctuations in three distinct 
regions (Figure 1). Region / 
is a diode with a heated cath- 
ode, region II is a field-free 
drift region, and region //] 
is the traveling-wave-tube 
amplifier. 

A detailed analysis will be 
given of the fluctuations in 
each region, which includes 
the effect of the thermal- 
velocity spread. Inasmuch as 
this theory applies rigorously 
only to an infinite rectilinear 


d 


DIODE 
Ped XeX, X=Xo 
electron beam, it will be nec- 
essary to apply certain correction factors to ac- 
count for the finite beam and the surrounding 
conductors. Approximations for these correction 
factors may be obtained from the simpler com- 
putation for a monovelocity beam. 

Of the three regions, the diode region is the 
most difficult to handle since it is in a direct- 
current accelerating field. As is well known, the 
direct-current theory of the diode by Langmuir! 

* Reprinted from Journal of Applied Physics, volume 
23, pages 394-406; April, 1952. This work was sponsored 
by the Signal Corps Engineering Laboratories; Fort Mon- 
mouth, New Jersey. 

! Irving Langmuir, ‘The Structure of the Helium Atom,” 


Physical Review, volume 17, pages 339-353; March, 1921: 
see page 341. 
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is at best a numerical theory, and certainly not 
much more can be expected for an alternating- 
current theory. To attempt to work out an al- 
ternating-current theory by Langmuir’s method 
does not seem fruitful for microwave frequencies. 
However, such theories have been worked out for 
low frequencies by Thompson et al.? and Rack.’ 

Rack has extended his theory to higher fre- 
quencies by using Llewellyn’s* theory of diodes 
in an approximate manner. On the basis of the 
Rack theory, Peterson® has computed the fluctu- 
ations in the drift tube. This was utilized by 
Pierce® to compute the fluctuations in the travel- 
ing-wave amplifier. Subsequently, this theory 


x TRAVELING- WAVE TUBE 


Figure 1—Nomenclature for noise-figure calculations on a 
traveling-wave tube. ‘ 


was extended to include the effect of the space- 
charge waves discussed by Hahn’ and Ramo. 


2B. J. Thompson, D. O. North, and W. A. Harris, 
“Fluctuations in Space-Charge-Limited Currents at 
Moderately High Frequencies—Part II," RCA Review, 
volume 5, pages 106-124; July, 1940. 

3A. J. Rack, ‘‘Effect of Space Charge and Transit Time 
on the Shot Noise in Diodes,” Bell System Technical 
Journal, volume 17, pages 592-619; October, 1938. 

4F. B. Llewellyn, “Electron Inertia Effects,” First Edi- 
tion, Cambridge University Press, London, England; 1941 

§ L. C.Peterson, ‘Space Charge and Transit-Time Effects 
on Signal and Noise in Microwave Tetrodes,” Proceedings 
of the IRE, volume 35, pages 1264-1272; November, 1947. 

6]. R. Pierce, ‘“Traveling-Wave Tubes,” First Edition, 
D. Van Nostrand Company, New York, New York; 1950: 
see page 109. 

7™W. C. Hahn, “Small Signal Theory of 
Modulated Electron Beams,’’ General Electric 
volume 42, pages 258-270; June, 1939. 

*Simon Ramo, ‘The Electronic-Wave Theory of Velo- 
city-Modulation Tubes,” Proceedings of the IRE, volume 
27, pages 757-763; December, 1939. 


Velocity- 
Review, 





This method of calculation of the fluctuations 
in the traveling-wave amplifier will hereafter be 
designated as the RPHP (Rack-Peterson-Hahn- 
Pierce) method. In view of the many approxima- 
tions made, it is not possible to assess the ac- 
curacy of this theory except by comparison with 
The 


large noise figures. 


experiment. agreement is very good for 

For noise figures of the order of 10 decibels or 
less, however, one cannot expect experimental 
this 


is ex- 


agreement within 1° decibel with 


theory, unless it be fortuitous. It 
pected that the weakest link of the RPHP 
theory is the diode region. Thus a high 
frequency theory of diode impedance and 
fluctuations including the effect of a multi- 
velocity beam would be quite useful. 
Another method of attack is to base the 
alternating-current theory on the direct- 
current theory of Hahn.’ Hahn has shown 
that it is possible to discuss the effect of 
the thermal the 
current behavior of diodes in terms of a 


velocities on direct- 
monovelocity electron beam whose accel- 
eration is determined not only by the applied 
a hydrostatic -pressure 
term, the 


beam. The alternating-current 


electric field but also by 


which accounts for multivelocity 


theory will be 
the 


the 


direct- 


Hahn 


worked out as a perturbation of 
current properties determined by 


theory. 


1. Alternating-Current Theory of Diode 


Impedance and Fluctuations 


1.1 GENERAL 


The diode consists of two infinite parallel 
planes; the space between is traversed by an 
infinite rectilinear beam. The diode is connected 
either to an alternating-current generator or a 
load Z, (Figures 2 and 3). 

Then, following Hahn, the basic equations are 


RT 


Nay 


 B 


4 


mn 


end. (4) 


°W. C. Hahn, “Effects of Hydrostatic Pressure on 
Electron Flow in Diodes,” Proceedings of the TRE, volume 
36, pages 1115-1121; September, 1948. 


Figure 2—Diode con 


nec ted to 


The subscripts ¢ and x denote the partial deriva- 
tives with respect to ¢ and x. A bar over the 
letter denotes total unnormalized quantities, i.e. 
direct current + alternating current. e and m 
are the charge and mass of an electron. n, v, J, 
and £ are particle density, mean velocity, con- 
vection-current density, and electric field, re- 
spectively. €9 is the dielectric constant of free 
space. J is the total current density, i.e. con- 
vection plus displacement. 7 is the temperature 


Figure 3— Diode con- 


an alternating nected to a load Z_. 


current generator 


of the electron gas!® that constitutes the electron 
beam. k is Boltzmann’s constant. Meter-kilo- 
gram-second units are used. 

All field quantities are functions of x and ¢ ex- 
cept I, which is a function of tonly, and 7, which 
is assumed to be constant. Thus T = 7», which 
is assumed to equal the cathode temperature. 
The major justification for this assumption is 
that the direct-current potential distribution is 


approximately the same as derived by Langmuir, 


who assumes an adiabatic process. So far as the 
alternating-current potential distribution is con- 
cerned, it remains an assumption. It is seen that 
the equation of motion (1) has been augmented 
with a hydrostatic-pressure term. 


1.2 SMALL—SIGNAL APPROXIMATIONS 


According to the small-signal approximations, 


one puts 


J = 


Jo+ Jexpjwt; JK Jo (5) 
and similarly for all other field quantities. The 


10 Philip Parzen and Ladislas Goldstein, ‘‘Effect of 
Hydrostatic Pressure in an Electron Beam on the Opera- 
tion of Traveling-Wave Devices,’ Electrical Communica- 
tion, volume 28, pages 228-232; September, 1951: also 
Journal of Applied Physics, volume 22, pages 398-401; 
April, 1951. 
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subscript zero indicates direct-current quantities 
and w is the applied frequency. It is also assumed 
that the alternating-current temperature is zero. 
The alternating-current and direct-current equa- 
tions separate out. 


Alternating-current equations are 


. . RT 
(Jw + Vor)¥ + Vor. = ie Hse 


mm mny 


kT» 
Nz + ——; Non, 
mn o~ 


J. +jwen = 0, 
J + jwek = I, 


J = e(nyv + nv). 


Direct-current equations are 


kT) 1_ 


mM 


oa 
VoVor = Eo + 
m 


(3B) 


Foz = Jo/eovo, 


Jo = ENgvo. (4B) 


The alternating-current quantities are all 
functions of x except /, which is a constant. The 
direct-current quantities are all functions of x 
except Jp and 7, which are constants. It is now 
possible to solve for all the alternating-current 


quantities in terms of J and J,. Thus, 


> 


1 V6" 
-1(u74+™s,), 


Jo w 


jweo Jwey : 
; 1 ( L k To 
Jo\ jw m 


9) _ 
Or 


These equations can be somewhat simplified 
by normalizing the units of distance, velocity, 
and current density. Let 


(10) 


where x, is the position of the virtual cathode, 
and let the unit of velocity a be such that 
e1 Diy _2 


me, a Q’ 


y = (x — x,)/D, 


(11) 
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where D is the unit of distance for normalization 
and Jy is the unit of current density. Then, in 
terms of these normalized units 


— Sf (12) 


on 
20007) Jy 
(2/9) T, 
(13) 


9 9 ' » 9 
Vo( ue oor V0") J yy t (MVoy - 3V07Voy 


+ [ P (2 9) a 2 JOV0Voy + #9 JJ = 


where 


6=a0D/a and 2 RT) / me’, (14) 


For different regions, one may choose different 
values of D and a@ subject to (11). Hereafter, 
only normalized quantities will be used unless 


otherwise specified 


1.3 SOLUTION OF THE DIRECT—CURRENT 
EQUATIONS 
It follows immediately from (1B) that at the 
0, Eo 7 0, Vo MK. 
following integral 


virtual cathode, at which y 
the 


In general, vp satisfies 


equation 


; Vo" 4 vdy . 
uw? (1 + log a) + of dy f =~ (15) 


This 
lengthy numerical computations, except for the 


equation cannot be solved” without 


two following special cases: For |y| < 1, 


1 1 


y oytow ey (ie 
3u” * 64ay4% 7 i 


+ ' 
which is obtained by assuming for vo a power- 
series expansion around y = 0. For those values 
of y for which (vo/u)? > 1 + log (vo/u)?, 


‘ + 
VY = y%. (17) 


e 1 
I. (9) 


M wep 


This will occur for sufficiently large positive 
values of y, and it corresponds to the region in 
which Child’s law is valid. Inasmuch as there is 
no simple expression for the region in between, it 
has been decided to fill in this region by matching 
(16) to (17). It is seen from Figure 4 that they 
intersect at ¥y = ¥m = 2.4y’? at which vp = 1.76y. 
Thus the direct-current solution, of which the 





alternating-current solution is a perturbation, 
will be taken as follows: 


for y < 2.4y’?, vo is given by (16), \ g 
for y > 2.4%, vo is given by (17). . 





-CURRENT VELOCITY 


ECT-C 
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> 
a 
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3 a 


P= y/p>? 


Figure 4—-Merging of Child's law region 


in the cathode region. 


All these assumptions will be approximately 
satisfied if the ratio of current density to satura- 
tion current density is not too small. The voltage 
V relative to the virtual cathode in the region 
y < Ois 


Vy = Jui) & ee } 
On (5 183% > | 
1 (19) 
i 4 | 
t 108, rs. % di 
Vo = moa?/2lel. | 


Let subscripts / and 2 denote conditions at the 
cathode and anode, respectively. 


eV;/kT = log Jo/J;,, (20) 


J, being the saturation current density. 
Choosing a@ such that 4eV)/9kT =— 1, it 
follows from (20) that 


ji: 
(2 log 


7. )"| 1 — 0.12 (2 log a ) ; 
~ 0 


0 / 


G) (Ey 


éo [RkTo\%,.. |” 

: | -( m ) RT| 
With this choice of D and a, y is the same as 
Hahn’s s and Langmuir’s ¢ = 1.583y. Also, 
uw = 0.61. Thus given 7», Jo, and d, one may 
compute y; from (21), D from (22), and hence x,. 
Then knowing y2, one computes V2 from (16) 
and (17), and V,; from (20). Thus Vz — V; is the 
required voltage. Hahn has already shown that 
for y > 0, V computed from his theory agrees 
fairly well with that obtained by Langmuir. 
The agreement in the region y < 0 between this 
theory and that of Langmuir is shown in Figure 
5 in which y; is plotted against J,/Jo. It is seen 
that for J,/Jo < 3, the agreement is fairly good. 
An exact solution of the direct-current equation 
is given in the appendix. It will not be used here. 


1.4 SOLUTION OF THE ALTERNATING—CURRENT 
EQUATION 
The alternating-current equation is 


Vo(u ~ V0") Jy + (u*Voy oor ie i. 420v,") J, 
+ [— (2/9) —{2jOviey + Ov JJ = — (2/9)I. 
(13) 
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It should be noted that this differential equation 
has a singularity at y = 0. In view of this, the 
homogeneous differential equation (J = 0) pos- 
sesses only one regular solution at y = 0. Thus 
there are only two constants to be determined, 
/ and the arbitrary constant of the regular solu- 
tion. The required initial conditions will be given 
later. 

An approximate solution of (13) is obtained as 
follows. Let us rewrite (13) in the form 


yA iy ‘Sy + yUBy ‘Sy 


+ yECyiT =— (2/9)Ty. 


0 


From (16), 


Ag = 
= p'?(— 3 — j2e), 
=— 9(1 + j2e), 
=— 2/9[1 — (9/2)é + 73€], 
_21 
7 9 ui? 
Ou’? = 0.47w/wp, 
To4 
Jy\* 


e(— $e + 7), 


2 X 107-"w 
where |Jo|’* is in amperes per square centimeter 
and w, is the plasma frequency at the virtual 
cathode. One assumes a power-series solution. 


J = Sa,y" (25) 


0 


in the region vy, < y < 2.4u"2. Equating coeffi- 


cients of powers of y, one has 


Co 2 I 


ae ae 


ay 


™ 2(Ao + Bo) 


ls 


: iy Oe 
x ~~ ( - (B ( 0 7 
1 agi ) By | 
aa 
2(A 0 r Bo) 9 By c 


B, + Co 


This expansion will not be carried out further 
here. 

It will be assumed that in view of the smallness 
of y the first three terms of the series suffice to 
approximate J in this region. In the region y > 
2.4u*?, a solution is obtained in the following 
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manner. In this region, vo is given by (17), which 
implies physically that the effects of the initial 
thermal-velocity spread may be neglected. It 
true for the 


will be assumed that this is still 


6 100 


Figure 5—Variation of position of virtual cathode with 
anode current. Curve / is computed from equations in this 
paper and curve 2 from Langmuir’s curves. y; is the normal- 
ized coordinate of the cathode, Jo is the anode direct-cur 


rent density, and J, is the saturation-current density 


alternating-current process, since it is a pertur 
bation of the This is 
equivalent to putting «7 = 0 in (13). The 


direct-current process. 


solution 


of (13) is now 


21 


wh i Bet te 
J = (3+ ) exp (— 5302) — seas. 


le ZL 
y, 
oj 2¢ ” ° ’ 
eects xp (— 730Z 
( 730 ' 7302 ) mpi 7906) 
21 / 2Z | 
<t 72 _ (29 
i (2 130 ) we 


c, and ¢, are computed by matching the value of 
Jm and SJmy at ¥ = Ym = 2.4y"2 of this solution 
to that derived from (25). Thus 


y = ao “+ 
] = (l; -+ 


A1Vm + A2Ym’, 
2a 2Vmy 


and 


€1 = (2ZnJm + j30Um) exp (730Zm) 


21 397 
: (750Zm), 
ae? j 


5 alate 3 
Lm? Im — J30Z mm) exp (J30Zm) ($1) 
hie 
eee 
aI | 46 + 


Fass 
730 ) 


oe) exp (730Zm), 


Um = Lee (Jn + (32) 


The transit angle B,. from matching point to 


anode is equal to 


30(Z 5 Lud 3.9€(Ze ahs (33) 


Thus the solution of the alternating-current 





problem has been reduced to the determination 
of ad and J. It is here that the problems of alter- 
nating-current impedance (Figure 2) and fluctu- 
ations (Figure 3) diverge. It is to be noted from 
(24) that the frequency appears only in the 
quantity e. For a given set of direct-current con- 
ditions, the alternating-current behavior of a 
diode" is determined solely by the ratio of the 
applied frequency to the plasma frequency at 
the virtual cathode. Thus ¢ plays an important 
role and determines whether the process is to be 
classified as high or low frequency. For electron 
guns as used in microwave tubes, the process is 
definitely one of high frequency, as will be shown 
later. The initial conditions that J must satisfy 


will now be given. 


1.5 INITIAL CONDITIONS FOR CURRENT 
DeEnsITY J 


As mentioned previously, the initial conditions 
are different for the cases of alternating-current 
impedance (Figure 2) and fluctuations (Figure 3). 
They will be treated separately. 

1.5.1 Case 1: Alternating-Current Impedance 

At y = y, the initial conditions are 
(34A) 
(34B) 


J Ji, 
tat, 


The second initial condition corresponds to the 
statement that the alternating-current density is 
zero at the cathode. This will be so, since the 
density at the cathode, which is the source of 
electrons, is determined solely by conditions 
inside the metal and the image forces. These cor- 
respond to forces that are much greater than 


}(35) 


Equations (35), (26), and (27) may now be 
solved for the coefficients and J. The alternating- 
may be computed as follows: 


D ” 
JoD : (J — I)dy. (36) 


WE 
) Jy 


those applied by external means. 
From (25) 


ao + ayyVi + aey? = J , 
a, + 2a2y, = 0. 


voltage drop V 


ed 
| Rix = 


This is not an approximate relation and may be shown 
to be always true by replacing vm by VY = vo? /p? in (13) 


The alternating-current impedance 


Zoe = — V/TI. (37) 


While the problem of the calculation of alter- 
nating-current impedance has been solved in 
principle, it is not possible to obtain results for a 
particular case without lengthy numerical com- 
putations. Only the case of y; = 0 will be con- 
sidered here. 

It is of interest to digress for a moment to 
observe how (27) may be used to solve the com- 
plete-space-charge diode of Llewellyn.” Here, 
the direct-current relation (17) holds up to y= 
0 at the cathode. The values of ¢:, ¢2, and J are 
determined solely by the initial condition J = 
J, at y = 0 and J, is finite. Thus, for J to be 
finite at Z = 0, it follows immediately that 


me! 
jBiz" 

2 

Pa 


q=>- 


Hence, 
21 
PB? 
1 — JB exp ( — 7ByZ) —exp (—jBy»Z) | : 


J = 


x 7? 

Z2 

(39) 
Using the initial condition in (39), 


I — ae 


It will also follow automatically that at Z = 0, v 
It should be noted that 


(40) 


and E are both zero. 
Llewellyn was forced to assume that v = 0 or 
k = 0 at the cathode, but actually this follows 
automatically from Maxwell's equations for a 
complete-space-charge region. 


1.5.2 Case 1A: Calculation of Alternating-Current 
Impedance for y,; = 0 


Here 
= Ji, 
= (), 
= [1 — (9/2)é + j3e]Ji, 
— 76 
t— Js, 
12y72 ~ 


(41) 


It is to be noted that / is not equal to J; as in 
Llewellyn’s case. 


2 See reference 4, page 45. Here the thermal-velocity 
spread is entirely neglected, giving for this case Z,, = 0. 
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The value of the other constants are 


_ 2S 
730 


(1 — (9/2) 
+ j3e\(1 + p) exp j4.13¢, 
2, 
1 = Ope LI — (9/2)e 
+ j3e|(1 + q) exp 74.136, 


p=- t (4.13 + 4.25€) 
T= (0/dDe + ihe 


€ 


~ 1+ jde — (9/22 


x [4.35 — 17.28 + j(15e — 4.13)]. (44) 


The modulation at the anode and alternating- 
current impedance is given by 
. 1 — (9/2)e + j3e 


os 9 bd 


2 1 — (9/2)é + 73¢e 
9 uly oe 


where B,,. = 
Lan 
d 


Jeo 
2 Ge 


oy 


6 f 
{1 + PBmo t 


kT 


m 


6d 


jeow? jwe.Bms 


{1 — [jBmo(1 + p) + 1+ q)exp j(4.t3e 


- +5 


{(- 


JBmop — p - 


It is seen that for & > 0.2 there is always 


al 


positive resistive component of the impedance. 


Also, it is possible to conceive values of €, w, Zo, 


and d for which Z, has a considerable resistive 


component. This could possibly be checked ex 


perimentally by methods similar to those em- 


ployed by Robertson.'® 
1.5.3 Case 2: Fluctuations in Diodes 
At y = y, the initial conditions are 

J=J,, 

and the circuit equation is 
V = 121, 

in which V is given by (36). 

Bm2)}; 


1 


j 3 a [jBmo(1 t P) + 2 t 2q 


x exp 7(4.13¢ Bu:)}, 


30(Z. — Z»), the transit time in the Child’s law region. 


= La + Le ’ 


— (jBm2 + 2) exp [j(4.13¢ — Bnz)] + 2 


q) exp [j(4.13€ — Brn) ] 


+ p(j4.13e + 1) +.4.13€ + ¢ + f1.35Bmou?4} 


2.5 — j0.435€_ 
1 — (9/2)e + je 


G = 
(47) 

2.5 — 12.5 + je(— 8+ 2¢) | 

1 + (81/4)! 


For small reduces to 


Zre™ 
formula. For large Bye, these formulas may be 


é, Llewellyn’s 
simplified somewhat. It may be noted that for 
large B,,.2 there will always be a resistive compo- 
nent, while the Llewellyn formula predicts a 
purely capacitive component. Physically, this 
is to be expected in view of the velocity spread. 
The value of the impedance at high frequencies, 


| ne [- (BY Sed 


Jweo 


44 Ge 


w 


Lo 


ie | (48) 


m 
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Sufficient conditions are now known to deter- 
mine the constants in (26) and (27). Unfortu- 
nately, the work required to compute the fluctu- 
ations for all values of Z, is very great. Thus, 
only the case of the open circuit, Z, = «© and 
I = 0, will be discussed here. This is the case of 
interest for the diode region in the electron gun 
of the traveling-wave tube. Furthermore, it is 
seen from (27) and (29) that for large transit 
angles, Jz and v2 will not depend on J. Hence, 
for large transit angles the open-circuit case will 
be a good approximation for all diode termina- 
tions. 

13S, D. Robertson, ‘Electronic Admittances of Parallel 
Plane Electron Tubes at 4000 Megacycles,” Bell System 
Technical Journal, volume 28, pages 619-646; October, 
1949. 





For the open-circuit case, J = 0, the constants may compute the value of all fluctuating-field 
are given as follows: quantities. The corresponding equations derived 
from the RPHP theory are: At the virtual 
Go _ I cathode 
J; 1+ yi(a;/ao) + yi?(a2/ao)’ Aa P 
es ; v, = 0.655(kT/m)*J,,/ Jo, (55A) 
ay _ 1 ~4.5é t 73€ 


; ; (OT) ’ 
1.41(1 + j3e) and at the anode® 
kT )" Jiu 


m Jo 


ile 


' a 
2.12je + (4 + j3e) |. | — 0.655 ( exp — j3.%Z2, 


1 
alo 5.65 ag 


(53A) 


From these, the current modulation J, and 
velocity modulation vz at the anode can be com- 2 36 j 
puted as follows: Ju = fj Z, (0.655) Ji, exp — 3.9€Zo. (52A) 
(52) To convert from Pierce’s notation to the one 
used here, one uses the fact that B,» (transit 


angle from virtual cathode to anode) = 3.9%€Z». 





ft 
Ld 


+ 73.9 7 ) exp 4.136. 


- j4.13¢ 7, ) 


X exp /4.13¢, 


ayo 
Ji’ 
Im» NM Sms 
Ji" 93.9 Ji 


- ay Qe ay 
3.35 2.26 ; 
( ag ado Ji 


tan (- 


Ss 
eed 
Ld 
\ 


Lf t 


Also at the virtual cathode 


Lt 
CATT 


a = (lo, 


€ 


0.61 + 2.75€ ag 


- : (55 
ie wae 


‘To convert to unnormalized units (denoted by 


a subscript ~) one uses the following : 
Ie ate (J dala 
v \ Jy (RT \*% : (56 
{+} = | ) 1.65, [ ) 


1/ Jo m 


ecole LE 


and 
(JiwS)? = 2eJoSdf, (57) 


where S is the cross-sectional area of the beam Figure 6—Current fluctuation at the virtual cathode as 


under consideration. a function of frequency, ¢€ = 0.47 w/wy, (J-S*)y = T2 
Thus, with the use of (52) through (57), one — X 2elodf. 
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An important deduction from the RPHP theory 
is that J», and va, are 90 degrees out of phase and 
that 


Jou/V2y = — j2.36€So/Z2(RTo/m)". (58) 


This ratio is still true for large Zz in our theory, 
as can be seen from (52) and (53). Thus for large 
Z2 it is necessary only to compute 7». 

Let the following noise factors be defined: At 
the virtual cathode let 


( ( J oot py = P2elod f, 


s¢ a 0 df, 


= Q, 
d m 


and let J) be the total beam current, and [.? and 
g2” be the corresponding factors at the anode. 
These noise factors have the following values in 
the RPHP theory : 

ge = gq: = 0.86 

I'y? = 2.2(€/Z2)’. 


These noise factors have been plotted versus e€ 
in Figures 6 through 9. It is seen that the noise 
factors decrease as y becomes more negative and 
that they vary with y, e, and Z». Furthermore, 
there is no question as to the coherence of the 
various fluctuations, since they are all derived 
from the shot-noise fluctuations at the cathode. 
The phase angle between the current and velocity 
fluctuations at the anode 6, and virtual cathode 
§. is plotted against ¢€ in Figure 10. It is seen that 
6. is almost 90 degrees for large Z,. However, it is 
not exactly 90 degrees and does deviate about 3 


degrees. 
1.6 CONCLUSIONS 


It is possible to work out a theory of alternat- 
ing-current impedance and fluctuations in diodes 
by accounting for the thermal-velocity spread 
by the hydrostatic-pressure method of Hahn. 

The equations are difficult to solve, and it be- 
comes necessary to make certain approximations. 
Comparisons of these theories and those of 
Llewellyn for diode impedance, and those of 
Rack-Peterson (RP) for fluctuations are made. 
It is shown that the high-frequency impedance 
always has a resistive component, which may be 
large in some cases, especially in diodes of small 
spacing and low anode currents. In general, the 
fluctuations depend on more parameters and may 


be greater than predicted by the RP theory. 
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For a given direct-current condition everything is 
determined by ¢, which is proportional to the 
ratio of the applied frequency to the plasma 


frequency at the virtual cathode (« = 0.47/w,). 
































Current fluctuation at anode plotted against 
frequency ¢€ = 0.47 w/wy, (J2S*)y = T2eldf, and Z, = 
10. The dashed line is for the RPHP theory 


Figure 7 





2. Alternating-Current Properties of Drift 
Tube 
2.1 GENERAL 
The propagation of space-charge waves in an 
electron beam, the effect of the 
thermal-velocity spread, has been discussed by 
Hahn? and Ramo.* The effect of the thermal- 


velocity spread will be discussed here. 


neglec ting 


In this case the beam velocity Vp is a constant 
vor. The subscript d will denote the value of 
quantities in the drift region. In this region let 


the normalizing parameter @ = voa. Hence, 


D (2 Q) 205, Wd, 


(59) 
0 = (2/9)%w/wy, 


where wa is the plasma frequency in the drift 
region, 
The differential equation for J now reduces to 
(2/9)T, 
(60) 


(1 — pa®)Syy + (20S, + (2/9 — &)J = 


of which the solution is 


l 


(w/wa)? 


+ dy; exp ( I",x) 


+ 2 exp | I'.x), 


Ma") + pa? 


You = W/Vod, 
pa? = RT o/mv 0a. 


2.2 MopEs IN AN INFINITE BEAM 


a, and a» are arbitrary constants to be deter- 


mined by the initial conditions. There are two 


possible modes in an infinite beam, 


2.2.1 a, and a, = 0, I #0; No Propagation of 


Space-Charge Waves 


This is a mode where there is no propagation. 
he density modulation is zero, while the alter- 


nating-current field and convection-current den- 


sity are constant along the x direction. 


Propagation of 


22.2120; a, and a.# 0; 


Space-Charge Waves 
This is the mode where there is propagation. 
The case of interest is that for which 7 vanishes 


and pa « 1. Hence, 


10 
































Figure 8—Velocity fluctuation at virtual cathode versus 


frequency. € = 0.47 w/w, and (v2)y = g@ekT odf/mIo. 
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(66) 
(67) 


I, = jro(1 + 44), 


I, = Jyvo(l 6a), 


and the correction for the 


number is 


space-charge-wave 











05 10 15 
E 


Velocity fluctuation at anode as a function of 


Figure 9 
e = 0.47 ay = q2ekT odf/mIo, and 


W/ Wp, vz 


frequency. 


Z2 = 10. 
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ry { kT w* ) 08) 


w \ MVoa" Wa" 


Solving for a; and ay in terms of the current and 
velocity fluctuations at the beginning of the drift 
region, the current modulation Js, and velocity 
modulation v3, along the drift region is 

J; exp | JVo(xX 


ou 


Pod 


0d 


XK JU sec do SIN (dy — ¢), 


exp | iVo(X — Xe) lve 


M 


K sec do COS (di (70) 


Pod direct-current density 
in drift region, (71) 


tan do 


kT w* 
n) 


MVoa" Wa * 


which follows from (58) and (74). 


100 125 !50 1.75 2.00 


€ 


0 025 O50 O75 


Figure 10-—-Phase angle between current and velocity 


virtual cathode and anode plotted 


0.47 w/w, 0 


fluctuations at the 


against frequency. ¢ angle at anode, 6 


angle at virtual cathode, and Z 10 


These expressions are valid for an infinite 
electron beam. For the practical case of a circu 

lar electron beam of radius 6 in a circular drift 
tube of radius a, one may account tor the finite 
geometry by applying the correction used in the 
case of no thermal-velocity spread. This® is ac 

complished by reducing the plasma frequency 


wa by a factor given by 


wa’ | : . { 74 ) 





t/vo is a function of yob and a/b only for small 
densities. A plot of 7/yo versus yob is given in 
Figure 11. 

According to (69) and (70), Jz, and v3, are 
periodic functions of distance of period 2%/~yodu.. 
The periodicity of J;, has been observed experi- 
mentally by several investigators. The effect of 
temperature is to decrease this period. 


3. Traveling-Wave-Tube Amplifier Region 


3.1 GENERAL 

The usual theory of the traveling-wave-tube 
amplifier, such as that of Pierce,’ depends on a 
knowledge of the circuit and ballistic equations. 
According to Pierce and using his notation, the 
circuit equation for a filamentary electron beam 


is in unnormalized units 


a [even iV | 


a (75) 
2(T? — {",*) WO) 


where 1 = JS, E = IV, and V is voltage. 
The ballistic equation, which includes the effect 
of thermal-velocity spread, is® 


Ie od (76) 


+= 2V. GB. — VT)? — wal” 


where J» is the total beam current, which equals 
J\S, and B, is the electron-beam wave num- 
ber. 
Vod (jB. — EY 


v=- 2V. (jB. ae I)? ai pal? 


Comparing (75) and (76), one has the following 


equation for 


_ 72B00\C 


(7B. (2 — I) 


=). 


where C is the Pierce coupling param- 


eter and QC is the Pierce space-charge 


} 78) 


+ 1? (40C + 


CORRECTION FACTOR T/% 


parameter. 


°o 


CG = F2],/B°P8Vo, 


Oo O02 


Figure 11 


r = jB, — j8B.C; 6 <1, 


I, = 7B, for synchronism. Hence, 


& — [40C + (u2/C2)]J8 -1=0. (79) 


For small space charge, QC may be approxi- 
maie!y computed by associating the second term 
of (75) with the propagation of space-charge 
waves in the electron beam independently of the 
external circuit. Thus, 


wl, Io jBY 


jl 2V0 (GB, — YT)? — pal?’ 


— (80) 
and the value of T’ is given by (66). Thus, ap- 
proximately 


wCl/B, = Io /2 V o(w ‘am,)?, (81) 


where w, is the plasma frequency in this region. 
Hence, 


40C = (w,/w)?1/C?. (82) 


A more-rigorous solution would be obtained by 
utilizing the expression of (76) in the various field 
theories of the traveling-wave tube. This will 
not be carried out here. 

It is of interest to digress for a moment to ob- 
serve that the space-charge parameter of Pierce 
for small QC may be obtained by modifying the 
ballistic equation to include a polarization term. 
Neglecting thermal-velocity spread, the equation 
of motion is 


mdv/dt = e(E — P/e); (83) 


P, which is the polarization, equals meet. ¢ is the 
alternating-current displacement of an electron. 


04 06 08 10 12 14 16 #18 20 22 24 26 


Hp 


Correction factor to the plasma frequency in the drift 


Q = B./we,(E2/B*P). 
tube for beam and drift-tube geometries. R is the ratio of the radius 
of the drift tube to the radius of the beam. yo = w/Voa = 2xf/beam 
velocity. wa’ /wa = 1/[1 + (r/o)? }*, where wa is the plasma frequency 


in the drift tube and wa’ is the plasma frequency corrected for beam and 


Only the case of synchronism and 
no loss will be considered here. Follow- 


ing Pierce,® page 113, let drift-tube geometries. 
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The reason for this is as follows: The acceleration 
of an electron is proportional to the force F act- 
ing on the electron under consideration. /, how- 
ever, includes the force resulting from the elec- 
tron under consideration. Thus, in order to ob- 
tain F, one must subtract the force resulting 
from the electron, which is approximated on the 
average by the electric field in a small slice 
bounded by infinite parallel planes around the 
electric field. 

This force equals P/eo. Hence F = E - 
The alternating current 


_= oP a= Lo 4B V 


dt 2Vo (7B. — 1)? + (wn/w)?BY 


FP €0. 


(84) 


Combining this with the circuit equation (75) 
and with C; = ~, one has 


_ J2BANTiC _ (2 


2 
et Th ) Be. (85) 


: sa 
(jB. — Yr) m 

Now since I’ can be approximated by 7B, for 
small space charge at synchronism and _ using 
(82), it is seen that (85) is equivalent to (76) for 
a = 0. Thus, in this case the Pierce space-charge 
correction may be accounted for on purely bal- 
listic grounds. 


.2VoB.C 
J 


= (— 6; — 2,C)vau 


Vod 


The noise figure F is given by 


| 5 2VoBC 


Vod 


| ee 
3.2 COMPUTATION OF GAIN AND NOISE FIGURE 


Let 


then 


& (79A) 


The three solutions of this cubic correspond to 
three propagating modes of voltage amplitudes 
Vin, m = 1, 2, 3. The distribution among the 
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— (— 61 = 22.C)U3u 


three modes is determined by the initial condi- 
tions, which are 


(87) 


3 Em = (88) 


= (7B, et” - 
> IY 
Ps - J 0 ] S 


es ——=— =S = SE eet (89) 
‘ eal ~ Lal m- 1B.lo 


> — 
et See 
Only the case of ua « 1 will be treated here. With 
this condition, these equations reduce to 


a . 
—— E,, (90) 


. 2VoB.C 
se . 


} 
Usur 


(91) 


Vod 


2V5 


- (92) 
JBL 


B2C*7J x5, 


220 & (93) 


em = Fos 1 5m . Bm? 


Thus, the gaining wave FE, (6; is complex) is 
given by 


3 VBC: 1 
jB.Io 


(1 ~ 3 )(1- 3) 


— 2VoB2C? 
iBly \é 


LE, |? 
Now from (70) and Figure 9 


; aw er 9 oy, 
|vsul? = qa? — ~~ df sec? do cos? (do 


: ), 
qe m JoS ? 


J bu = 32 tan (do ” 
64 


P)V3u- 


~~, —_——_——_ 


Also in root-mean-square values 


32 4V0 


\F.|2 = (97 
JE? = BI } 


CkT Af, 





where 7, is the ambient temperature. Hence, 


sec do 
(64/C)? Y? 


qi" To 
207,14 


7( 6; 22,,C) 
C/b4 tan (do >), 


in which 7% is the cathode temperature. 
may be further reduced by noting that 


Melts. 2 + =). 


’ 0,2 ‘2 
Wd MVod" Wad 


tan do 
(64/C)? = Q, 
according to (68). Hence, 


sec? po 
+ 2Y? 


20,C) — Y ( (99) 


1 “2 FO) 
;; tan [B,CQ’? (x3 gd |, (100) 


() 


RT) ). 


1 + 1.96 ( we y (1 


sec” do > i> 
Wd MV oa" Wa ~ 


In Figure 12, 6; has been plotted against Q. 


Figure 12—Relative phase shift 6),, logarithmic gain 
bi2, and 1{6,/?, 6; = bi) jé,o are 


4OC + kT o/mvoa? X 1/C* 


plotted against Q 


Thus one has all the necessary formulas to com- 
pute F. 

It isseen that the noise figure is a periodic func- 
tion of the length of the drift tube of period 
7/B,CY*, Thus it is possible to vary Y from 0 
to * by varying the length of the drift tube. 
These correspond to the cases where the beam 
emerges from the drift tube with only velocity 
modulation or only current modulation, re- 
spectively. In general, Q,C is quite small. Hence, 
(98) may be rewritten as 


qe? Z ‘0 


== . —— (101 
2C T. = 


F 


where 


(102) 


Thus, f; measures the effect of the drift tube and 
the traveling-wave tube while the other factor 
measures the effect of the diode. In those cases 
where Q, is much larger than ,, the effect of the 
thermal spread will appear only in the factor q’. 
This is probably the case in practice since u,? ~ 
1 < 10-4 for a 500-volt beam, and (w,’/w)? will 
be greater than 10-4. In the case where ®, is 
much less than Q,, there will be a reduction in the 
noise factor because of the thermal-velocity 
spread, which can be estimated by considering 


the cases Y = Oand Y = o~. For Y = 0, 


fi = [61]? (103) 


which is plotted in Figure 12. For Y = », 


(104) 
A plot of |(1/6) + Q|* against 2 is given in 
Figure 13. Thus, it is seen that there is a reduc- 
tion in noise factor because of the thermal- 
velocity spread. 

It should be remarked that in actual practice 
C and Q are not too easy to evaluate. Thus a 
rigorous theory of the effect of thermal-velocity 
spread can exist only in a field theory. 

The case of Q, = 0 and q = 0.86 has already 
been discussed in great detail by others, such as 
the Stanford group. This will not be discussed 


here. 


ELECTRICAL COMMUNICATION ¢ June 1953 





A numerical example is as follows: 


= (0.635 centimeter 
Beam radius = (0.064 centimeter 
Drift-tube radius = (0.192 centimeter 
To = 1000 degrees Kelvin 
= 500 volts 
=63 X 107% ampere per 
square centimeter 
w =3 10!" /cycle 
Vob 25 
T/Yo 1 
wil’ =0.7 < 10° 
c 0.075 ('4) 
= 1.34 
= 10 
=().6 
=().04 
= (0.08 
= ().02 
af. 08 


Diode spacing 


Direct-current diode voltage 


Direct-current density 


ON 


c~ cA 


~ Ww 


re 


In this case, as seen from (101), the effect of 
the thermal-velocity spread will be felt only in 
the factor q’?. Thus, the RPHP theory in practice 
will be qualitatively correct. One cannot, how- 
ever, expect a quantitative agreement between 
theory and experiment as seen from Figure 9. 
For less-dense electron beams, the RPHP theory 
will not be qualitatively correct, since the effect 
resulting from Q, will predominate. 


4. Conclusions 


It is possible to find the effect of the thermal 
velocity on noise figure by extending a method 
of Hahn. This effect can be characterized by the 
calculation of two quantities, g.2 and Q,. For a 
given set of direct-current conditions in the di- 
ode region, g2* is a function only of €, which is 
proportional to the ratio of applied frequency to 
the plasma frequency at the virtual cathode. It 
is this quantity e that determines whether the 
process is to be characterized as that of low or 
high frequency. Computations are given for q»* 
as a function of e. These results agree with those 
computed from the Rack-Peterson theory only 
under certain conditions. 

For those cases where Q; « 4QC, the effect of 
the thermal-velocity spread will be determined 


4 This was computed from Figure A6.5 in Pierce’s book 
and is probably too high. 

% This assumes a saturation-current 
milliamperes per square centimeter. 


density of 120 
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solely by q:?. Thus, the RPHP theory will still 
give qualitatively correct results. Experimental 
agreement with the RPHP theory within a few 
decibels, however, is not to be expected. 

The noise figure F at synchronism is given by 


. Do 
+ QY? 


(99A) 


where q;” is a function of € and is given in Figure 


k Ty 1 
Moa" ( 


») 


(100) 


tan (B,CQ**/,4 oo), 


by = Xs X» length of drift tube, and 6, is 
given in Figure 12. 
In the course of this work the general theory 


of the diode, including the effect of the thermal- 








08 10 
1 SUR 
t MVod* 


Figure 13-—-Reduction in noise figure by thermal-velocity 


spread in a current-modulated electron beam 


velocity spread, has also been derived. An ex 
perimental check of this theory would be to 
measure the diode resistance at very high fre- 


quencies, 
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6. Appendix 


exact solution of Ry direct-current 


we may start with ( 


For the 
equation, 


eo nti . we) dy 
vo? = ws (1 + log a + i wf he 


Introducing the new independent variable 
“dy 
eo oe 
9 Vo 


Vo" Vo" 


4 p 
> = 1+ log a ez f piodp, (15B) 
he ) 0 


and, differentiating this with p, it follows that 


one obtains 


9 


nt 4 
200, = 2 De Vop + 9 pvo, 


(15C) 


of which the solution is 


Vo +5 = 0 p’, 


and 


p? \} 1 


ee a 2 oat 
YU =ut z hte (1 + eon 3} + 18 °° (15E) 


The expressions for y and the potential dis- 
(15E). 


P2 \ 32 
36 - 


tribution follow from Thus, 
33 


54’ 


y 


j= P+4 (1 i (15F) 
po? 


i| 4 


Potential distribution in diode with thermal 
(dashed) and Hahn 
1.58y. 


Figure 14 


velocities according to Langmuir 


(solid) curves. 7 = eV/kT, and ¢ = 


2 5 
“4 +P 


Pp? 

2 

ae p2 1+%) aP|, (15G) 
(15H) 

p and P 


— OO, 


As p ap- 
asymptotic 


vary from —* to + 
proaches y approaches the 
value —4y°2 =— 1.9. A curve of n versus ¢ = 
1.58y is shown in Figure 14, which is compared 
to the corresponding curve of Langmuir. 
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Composite-Dielectric Coaxial Line* 


By J. A. KOSTRIZA 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


ROPAGATION of electromagnetic waves 

is investigated in a uniform composite- 

dielectric coaxial line of fixed ratio be- 
tween conductor and dielectric radii and of 
specific dielectric-constant ratio. 

The following modes exist: A, a dominant 
TM oo mode; B, a simple 7.Mo, mode; C, a simple 
To, mode; D, a linear combination of /, and 
HT, waves, labeled the (4,4 Hz) nrce.n) mode. 
Complete fields are specified for A, B, and C; 
while in D only the n=1 type is presented, al- 
though a general fundamental equation is de- 
rived. General cutoff-frequency equations are 
derived and values of these are given for 7M, 
TMo2, TE, (Ezt+ Hz) tr(em1,2; n=) MOdes, so that 
the frequency range of realizability of the 77M oo 
mode only is defined. A comparison is made with 
a homogeneous-dielectric coaxial line as regards 
the ratios of the cutoff frequencies of the higher- 
order modes. 

A plot of equivalent or effective dielectric 
constant 6, for the 7Moy mode is given for the 
frequency-parameter range of zero to the second 
higher-order-mode cutoff. A second graph shows 
the variation with frequency of the ratio of 
longitudinal to radial electric fields at the di- 
electric boundary. 

A low-frequency approximation for the domi- 
nant mode shows that &, is identical to that ob- 
tained by electrostatics. An experimental veri- 
fication of &, at one frequency is included for a 
Pyralin composite coaxial line. 


1. Introduction 


A transverse section of a uniform. coaxial 
structure with a composite dielectric 8), 8, is 
shown in Figure 1. The problem requires the fol- 


lowing solutions: 


A. Field solution for the dominant mode. 


B. Cutoff frequencies for the lowest simple higher- 
order symmetrical and unsymmetrical TE and 7M 
* Condensation of a Master’s thesis by Mr. Kostriza on 


deposit at the Polytechnic Institute of Brooklyn, New 


York. 
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modes as well as the unsymmetrical ‘mixed’ TE 
and 7M modes, thus obtaining a limit of operation 
for A. 

- Ya ‘ 

C. A,/Ao=1/6,% for the dominant mode up to the 
nearest higher-order-mode cutoff. 

D. The 


composite line as the dominant mode approaches 


effective dielectric constant &, for the 
low frequency and comparison with the value ob 


tained by electrostatics. 


Figure 1—Transverse section of uniform coaxial 


structure with composite dielectric. 


Comparison of C and D sets the error obtained 
when the composite structure is assumed to sus- 
tain the TEM mode. 


1.1 ASSUMPTIONS 


A. Metal boundaries are perfect conductors 
B. pi = Me= Mo. 

C. &, and &» are lossless; &; >&2= &% 
D. The coaxial section is semi-infinite 


I. Propagation constant ¥;= 7». 


1.2 GENERAL WAVE TYPES IN CYLINDRICAI 


COORDINATES 
The wave equation for the axial component 
only (&, or 77.) may be written! 
0 10d 1 3 
2E =( pt-=-+5 <5 )£. 
Vek ant T Or 7° OS 


'W. Smythe, “Static and Dynami 
McGraw-Hill Book Company, Incorporated, 
New York; First Edition, 1939: page 167 


Electricity,” 


New York, 





where k2=7*+k?=7’?+w'ud, and 7? is the two- 
dimensional transverse Laplacian. 
The solution to (1) is assumed to be of the 


form 


kk, for 7M waves) | RF be 
| . “¢ Z) 


II, (or TE waves) 
where 
C cos n@+D sin ng 
and 
R=AJ,(kr)+BN,(kr), 


R=AJ,(k.r)+BH, (ker) ; 


N, and H are Bessel functions to 


be defined later. 
In terms of (2), the transverse components of 


and where J, 


Ki and [7 are given® by 
Ok ph oH, 

E, eg 2 paar 

Or ~r dh ) 


1.3 CHOICE OF TYPES OF SOLUTION OF WAVE 


EQUATION 


Since the problem contains two distinct. re- 
gions (see Figure 1), to avoid confusion let R, 
be replaced by k; for region / and by ky» for 
region 2. Also, since the propagation constant 


is assumed to be identical for both regions, then 


y= ky — 6p? = ke” — S22”. (9) 


unattenuated propagation, y is a 


78, and (5) then becomes 


kor pure 


imaginary: ¥ 


B? = &yw*? — ky? = S2pw* — ke’. (6) 


:quation (6) may be written in terms of phase 


velocity v,=/B. Here, 


\ Ww 


where v;?>=1/ 8; and vo? = 1/ Se42=1/ Soo. Also, 


ie , -_ & oT 9 
for 6; >6.=6%) and Mi = Me = Mo, Vy Uo. 


2S. Ramo and J. R. Whinnery, ‘Fields and Waves in 
Modern Radio,” John Wiley & Sons, Incorporated, New 
York, New York; First Edition, 1944: page 326 


In order that the phase velocity be bounded 
by vy and v, 1.€., ¥>v,>, if ky >O then from 
(7), ky? <0. Hence k, must be imaginary. For 


this case, the R functions become 


R (region 1)= A iJ ,.(Rir) t BN, (kr), 


: (8 
R (region 2) = A oJ (Ror) t B.H,, i (Ror). 


If ky? >O and k.?>0, then v,>v)>v;. Here the 
R functions may consist of J, and N,,: 


R,=A,J,(kir)4+ BLN, (Rir), l 9 
Ry =AoJq(kor) + BaN (Ror). [7 


In (8) and (9), J, is a Bessel function® of the 
first kind, of order n; N is the Neumann function, 
of order n; and // is the Hankel function, of 
order n. The Hankel function replaces the Neu- 
mann function for imaginary arguments only 
because of the availability of tabulations. 


2. Dominant Mode, TM,,,= TM), 


The boundary and continuity conditions im- 
Bn, =Bny Dn,=Dn, Hi=Hi,, Er,= 


posed are B,, 
k,,, and FE, (metal) =0. 


2.1 DETERMINANTAL EQUATION 


For angular symmetry, 2=0 in (3) and F,=1. 
Using subscripts to differentiate regions J and 2 
as in (5), and with kj} =k: >O and ke=jko with 
ky>O, equations (8) apply with zeroeth-order 
functions. 

If (4) 
conditions are met, the following set of relation- 


are applied and the above boundary 


ships is obtained: 


A,Jo(kia) +B, No(k,a) =0, 
A »J o( jkoc) + Bolly (jkoc) =0, 
A, Jy(kib) + By No(k ib) 
=A sJo( job) + Ballo (jkob), 449) 


pA Wilkib) + B,Ni(k,b) ] 
4 
- 4 LA oJ \( jkob) + BolT (jkob) ]. 


In order that a solution of (10) may exist, the 


determinant of the coefficients A,, B,, As, and 


B, must be zero.’ A little manipulation results in 


‘EK. Jahnke and F. Emde, ‘Tables of Functions,” 
Dover Publications, New York, New York; Fourth Edition, 
1943: pages 130-133. 

'M. Bocher, ‘Introduction to Higher Algebra,’ The 
Macmillan Company, New York, New York; First Edition, 
1907: chapter 3. 
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Ji(mx) No(x) —Jo(x)Ni(mx) 1&2 1 Si(jmy) Ho (jmny) — Jo( jmny) HH, (jmy) 


J(x)No(mx) —Jo(mx)No(x) x 8) ‘iy “J(jmny)Hy"(jmy) 


This equation includes the fol- 
lowing substitutions:> x= k,a, 
y=kya, mny=kyc, mx =k yb, my = 
kob, where m=b/a and n=c/b. 

Equation (11) will be denoted 
as the “‘determinantal equation,” 
the solution of which is required 
for specific values of m, n, and 
&2/&,. In this paper, results are 
given for m=2, n=1.25, and 
&2/&,=1/4; the dimensions cor- 
responding to an air-filled coaxial 
line of 54.9-ohm characteristic 
impedance. 

In addition to (11), x and y 
must satisfy a second relation- 


ship, obtained from (6): 
y?=(Aw+x)(Aw—x),) 

with r(12) 
A*=a?(S\y — Sop). 

Figure 2 gives a plot of x, y, and 


Ba for incremental values of Aw 
ranging from 0.001 to 1.9225. 


2.2 FIELD COMPONENTS, 7M 


When As, B,, and By are ex- 
pressed in terms of A, (see (10)), 
the field components take the 
following form. 

In region J, where a<r<h, 


E,,=A 0° [| Jo(kir) No(kia) | 
— Jo(kya)No(kir) |, 


E,,=— ‘Aol Ji(kir) No(kia) (43) 


1 Ry 
ae Jo(kya)Ny(Ryr) |, 
A o= A, No(kia), 
E,, Hs,=Y jwd,= Bp wd). 


5L. Pincherle, “Electromagnetic 
Waves in Metal Tubes Filled Longi- 
tudinally with Two Dielectrics,’ Phys- 
wal Review, volume 66, pages 118 
130; September 1 and 15, 1944. 
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Jo(jmy) Ho? (gmny) 












































Figure 2—Values of x and y as solutions of determinantal equation 


. < “’ "4 
Phase constant fa is shown for m=2, n=1.25, and G2/6,;=1 


In region 2, where b<r<e, 


E.,=AoF-[Jo(jkoc)Ho™ (jkor) — Jo(jkor) Ho (jkoc) | 
ss J (kia) No( Rib) — Jo(Rib) No( kia) 
~ To( jkob) Ho (jkoc) — Jol jkoc) Ho (jkob)’ 


Fy. = * ‘A oF: [ J o( gk IT, 1) ( Ror) = Ji (jkor) H; 


F 


A) jR ) |, 
E,. Hy, ay Jw&, = 2 wd». 
Figure 3 shows a plot of y/k, wS/k, and y/jw & versus Aw for 


each region. 


2.3 Ratio or /. TO &, AT BOUNDARY RADIUS } 
From (13), 


Ie.(b) 1)  So(kib) No(kia) 
E,,(b) yk, J\(kib)No( Ria) — So( Ria) Ny (Rib) 


Jo(kya)No(kyb) = 


(E5) 


The magnitude of (15) versus Aw is shown in Figure 4. For 


ready reference, Figure 5 shows frequency versus Aw. 
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Krom continuity of tangential electric fields 
and normal displacement flux density it follows 


that 


E, (b)/E,,(b) = (6;/82)(E.,(b)/E,,(b) J. 


3. Cutoff of Higher-Order TM Modes 


3.1 SYMMETRICAL CASE, 7Mo, Mopes (n=0, 


y=12...) 


two higher-order modes are 
the T Moo 


angular symmetry, »=0, and Fy is unity in (3). 


Only the first 


evaluated. As in obtain 


case, to 





Pe 


NI 
| LK 


- | [\ 


x 


||| ‘ 
i 


Figure 3—Values of 7Moo coefficients in 
field equations (13) and (14). 


Since v,>vo>v, then k,?>O and k.?>0 holds 
for this case so that the R functions are given 
by (9), 

Applying (4) with appropriate boundary con- 
ditions, a set of relationships similar to (10) is 
obtained with the substitution of ke for jko, No 


0 
0 02 04 06 08 10 12 14 16 1820 


Aw 


Figure 4—Magnitude of the ratio E,,(b) 
to E,,(b) for T Moo mode. 


for 7), and N, for #7,". As before, the deter- 
minant is set equal to zero. The resulting ‘‘deter- 
minantal equation” is 


Ji( mx) No(x) —Jo(x)Ni(mx) 1 
J(x)No(mx) —Jo(mx)No(x) x 


& 1 J;(my)No(mny) — Jo(mny) N,(my) 
&; y Jo(mny)No(my) —Jo(my)No(mny)’ 


(16) 


with m, n, and x as before, and with y= kya, 
my =kob, and mny= ky. 

At cutoff, y=0 and from (5), 

y= px o 

‘ f (17) 


where p= (Eyo/Eiu1)”. 


Equation (16) may now be written as a func- 
tion of x only: 


J (mx) No(x) — Jo(x)Ni(mx) &: 1 


T(x) No(mx) —Jo(mx)No(x) 8 “Pp 


J \(mpx)No(mnpx) — Jo(mnpx) Ni(mpx) 


; ; . (18) 
J)(mnpx) No(mpx) — Jo(mpx) No(mnpx) 


ELECTRICAL COMMUNICATION ¢ June 1953 





This is the cutoff-frequency 


oO @O 


equation for 7 Mo, modes. 
A graphical solution of (18) 
n=1.25, p=0.5 


es) 


with m= 


vields the roots 


nm 


x*=2.220 and x'*=4.879, 


giving the first two cutoff fre- 














quencies. 


> 


3.1.1 TMo, Field Components 


Following the procedure of 


N 


Section 2, the field components 
take the following form. 





Lote Rowaciaiactin dane 
ead Becca 








° 


o @ 


In region J where a<r<b, 
E,,=A ol Jo(kir) No(kia) 
— Jo(kia) No(kir) |, 
E,,=(v/k1)-Ao 
-[Ji(Rir) No(kia) 
— Jo(kia)Ni(Rir) |, 
Hs, = —Jy/w6,, 
No(kia). 


af INCENTIMETERS X MEGACYCLES/SECOND 


(19) 


10 


° 


E,., 02 


Ajp=Ay, 


} 0.01 


In region 2 where b<r<c, Figure 5 


E,,=AoF-[Jo(koc) No(kar) 
— Jo(kor) No(k2c) |, 
E,. =(¥ k»)A of - [ Jo(koc) Ny (kor) 
—J (Ror) No(k2) |, (20) 
E,,/ Ho, = —Jy/wbo, 
F ~*~ Jo(ka) Nol kyb) ma Jo(k1b) No(kia) 
J o(Rk2b) No(koc) = J (Roc) No(kob) : 
3.2 CIRCULARLY UNSYMMETRIC Cask, 2 +0 
If the R functions are assumed to be given by 
(9) and Fy by (3), then (4) yields a set of ex- 
pressions for the field components in each region. 
It is found when boundary conditions are applied 
that the result leads either to a trivial solution 
or to a violation of the basic assumption &,> 6» 
and Mi = Me= Mo. that 
circularly unsymmetric 7M modes cannot exist 


Hence, it is concluded 


for &;>8&2 and y= p2= po. 


4. Cutoff of Higher-Order TE Modes 
4.1 SyMMETRIC CASE, TE», MopEs (n=0, r=1, 
Zi 


Only the first (r=1) higher-order mode is 
evaluated, although a general formula is derived. 
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Conversion of Aw to af in centimeters X megacycles per second 


H,, and H,, are given by (9) with Fy=C 
unity. Application of (4) with appropriate bound 


ary conditions results in 
AJ o(k1b) + By Nol(kib) 
= A oJ o( Rob) + B.Nolkob), 
A,J' (kia) + B,No' (kia) = 0, 
A 2Jo'(k2c) + BaNo' (koe) = 0, 
(u1/ki)[ A 1J 0’ (kyb) + B,No' (ky) 
= (2/k2){ A oJ o' (Rab) t BoNo' (kab) |. 


The determinant of the coefficients of Aj, B,, 
A», and Bz is set to zero, with Jo’ J, and 


No’ = Ni, giving 


N,(k,a)J (kb) 


My Si(kia) Ni(kib) - 
ky J (kya) No(kyb) — N,(kya )J o( kb) 


ae N,(kob) J (Rec) = J (Rob) Ny (Ro ) 


(22) 


"ee No(Rob) J (kee) - J (Rob) Niko) 


as in Section 3, 


Introducing m, n, x, y, ete., 


results in (23), the fundamental determinantal 





equation to be satisfied for 7’ Eo, modes. 


wi Ji(x)Ni(mx) — J ,(mx) N(x) 
ky No(mx)J\(x) —Ny(x)Jo(mx) 


ue Ni(my)J,(mny) — Ni(mny)J\(my) 


AT ; -» (23 
ky J\(mny)No(my) — Jo(my)Ni(mny) } 


At cutoff y=0, and using (5), 


ki/Ro=x/y, y=px, p=(Eo2/Eiu1)”. (24) 


With (24) in mind, the cutoff-frequency equation 


IS 


J\(x)Ni(mx) —J,(mx)Ni(x) we 1 
No(mx)J (x) —Ny(x)Jo(mx) wy p 


Ni(mpx)J\(mnpx) — N\(mnpx)J,(mpx) (25) 

J \(mnpx) No(mpx) — Jo(mpx) Ni(mnpx) ; 
A graphical solution of (25) with m=2, n=1.25, 
and p=0.5, vields the first root at x'== 2.31. 


4.1.1 To, Field Components 


In region J, where a<r<b, 


H,,=Ao:[Jo(kir) Ni(kia) 
~J (kya) No(kir) |, 
Eg, = —j(wus/ki)Ao-[Ji(kir) Ni (kia) 
—J (kya) N,(kir) |, 
~Ey,/Hr, =jous/7: 
Aop=A;/N,(kia). 


In region 2, where b<r<c, 


We = A of - [ Jo(kor) Ny (koe ) 
— J (Roc) Nolkor) |, 
Es, — — (wpe ko)A of: [ J (kor) Ni (ko) 
seas J (Roc) Ny (kor) B 
i, H,2 Jwpe 7, 
Jo(kib) Ny (kya) = Jy kia) Nol kb) 
: Jo(kob) Ni (Roc) = J (Roc) Nolkob) 


4.2 CIRCULARLY UNSYMMETRIC CASE, n+0 


As in the circularly unsymmetric 7M case, 
proper satisfaction of boundary conditions leads 
to the untenable requirement that &)yu; = Sop. 
The conclusion is therefore reached that simple 
TE nx¥0 for &:>6&» 
and py = p2= po. 


modes for cannot exist 


5. Mixed Modes, (E.,+ H,),, Modes 


In the previous sections, certain symmetrical 
classes of solutions were found that completely 
satisfy the boundary conditions of the problem. 
These solutions may be said to be patterned after 
the homogeneous-regions classes of symmetrical 
modes, the 7# and 7M, where each in itself is 
found sufficient to provide complete satisfaction 
of boundary conditions. These symmetrical 
modes may be termed “‘simple’’ modes.°® 

“Simple” unsymmetrical modes are nonexist- 
ent in the composite coaxial line, as pointed out 
in Sections 3.2 and 4.2. 

In nonhomogeneous regions, to satisfy the 
boundary conditions, the general solution for 
unsymmetrical modes requires simultaneous 
existence of £, and /7,, or a linear combination of 
all solutions obtained from the wave equation. 
A step-by-step exposition becomes a little in- 
elegant, therefore only a brief outline is included. 


5.1 FUNDAMENTAL EQUATION 


Application is made of the general equations 


(2) and (3). 


5.1.1 For TE Modes 
H,=[AoJn(kr) + BoN,(kr) | 
-[C cos n@+D sin n@ } 
=[AJ,(kr)+BN,(kr) |-cos (n@—¢i). 


In Region 2 


General In Region J 
kyu ki, M1 ke, Me 
A, B Ai, B, Ag, By 
9: pi =0 de 
where arbitrarily ¢,=0 by selection of initial 
reference. Also, it is implicitly assumed that the 
periodicity in the angle @ is the same for both 
regions, identified by the single n. 


(28) 


5.1.2 For TM Modes 
E,=[AJ,(kr)+BN,(kr) ]-cos (n¢— $') 
In Region J 
k,& ky, & ko, &2 
A,B A’, 3’ At, 
¢' ¢' ¢° 
In the suppressed factor exp (jwt—~z), in view 
of (5), the following is assumed to be true: 
ki (TE) =ki(TM) =ki(w) =k, 
ko( TE) =ko(T M) =k2(w) = ko. 


General In Region 2 


(29) 
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The continuity of tangential components at 
the boundary between unlike dielectrics requires 


that 
(30.1) 


(30.2) 
(30.3) 
(30.4) 


LE.,(b) = LE,,(b) 
Ui4,(b) = TE4,(b) 
LH.,(b) = 2H.,(b) 
LIT 4,(b) =ZH4,(b) 


From (30.3), ¢2=0 (simplest value). From (30.1), 
¢' =¢°=¢0; and again from (30.4), if @o is to be 
independent of ¢, then ¢9=2/2, again choosing 
the simplest value. 

There then remain eight constants (A, B); and 
(A, B)‘, where 1=1,2 in (28) and (29). Applying 
(30) yields four relations. Satisfying the require- 
ments of -,=0 at the metal walls gives four 
more. The solution of this eighth-order deter- 
minant may be expressed as: 


fyn\? _ —w? me 
(77") ~ (1/keP—i bape) 


y= 1 N'(hia) J"(kib) — J' (kya) N’ (kid) 
ky N (kya) J (kyo) —J' (kia) N (Ryd) 
we J'(Rob) N' (hoc) — N’ (kab) J’ (Rac) 


ko J (Rob) N'(Roc) — N (hob) I'(Roc)’ 


(31) 


where 


ya or. Nlkia) J"(kib) — Shia) N'(kib) 
ft N(k,a)J (kib) —J (kia) N (kid) 
_ be J’ (kab) N( Roc) — N' (Rob) I (Roc) 


ks J (bab) (hoc) —N (Bob) J(kac)’ = 


and the order » of the Bessel functions has been 
suppressed. Equation (31) is valid for all m 
exclusive of n=0. 


5.2 CuTOFF FoR (/,4+-/7.),, MODES 


With y=0 in (31), X and Y 
either jointly or independently. We cannot allow 
k, to equal ko, for then &14;= 622. Therefore, 
two separate cutoff equations are had in (32) 
and (33). 

From its complexity, (32) may be said to be 
analogous to a 7£-derived more 
simply an e mode. Similarly, (33) may be called 
a 7 M-derived or an h mode. The complete mode 
structure, then, is rather inadequately labeled 
(E,+H,)n,, for to each n there is a doubly 
infinite set of r’s, one set for the e mode and a 
It seems more ap- 


must be zero, 


system or 


second set for the h mode. 
propriate, therefore, to label this complex mode 


structure as (/. +77.) nrien- 
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5.3 CUTOFF VALUES FOR (/£,+/#/,);, MoprEs 


Equations (32) and (33) were solved graphi- 
cally for m=2, n=1.25, p=0.5, and Z,'(x)= 
Zo(x) —(1/x)Z,(x). The first 
(32) are x'=0.775, and x''=2.45. In terms of the 


two solutions to 
frequency parameter Aw, the lowest cutoff oc- 
curs at Aw'=0.671. The first (33) is 


x'= 2.32, or Aw'=2.01. 


root ot 


5.4 COMPARISON OF HIGHER-ORDER CUTOFFS 


IN SOLID VERSUS COMPOSITE LINES 


For convenience, let a=1, and let c/a for the 
solid line be 2.5. Also, from (38), if w-0 then 
&(solid) = &(composite) = 2.31. 

Ratios k, or f. (solid) are 


TM 
3.67 


TE. TM 
1 3.54 


TE 
3.67 
Ratios k‘ or f* (composite) are 
TEo 
2.98 


(E, + H,)11 nt 


2.99 


(E.+H,)ienr1) TMor 
1 2.87 

It is interesting to compare the lowest f' 
(composite) with the lowest f. (solid). These are, 


respectively, the e=1-mode and the 7’/,,-mode 


cutoff values. The ratio is 


f'/f.= (ks'/ke)[8(solid) /8]" 
= (0.775/0.558) 0.76 =1 
(COMPONENTS (+H) 1rce. hr) 


5.5 FIELD FOR 


MopEs 
In 7E-mode region J, where a <r <b, 


Hy= A, Ji(kir) 


- Ni (kur) J 1'(Ra) Ni (k ia) |-cos Q, (34) 


where £,, Ey, H,, and Hy, are given by (4). 
In 7E-mode region 2, where b<r<c, apply 
(34) with A,—-A,H, kiko, a-c«, >4Lo, 


where 


and yp, 


Ny (kya) J (kid) — J ,'(kya)N,(kb) Ny (ka ) 


H= J (Rob) Ny (Ro ) - Ni (Rob) Sy ( Rae ) Ny (kya) 


In 7 M-mode region /, where a<r<b, 


E., =A yal J,(kir) 


—~N,(kir)J (kia) (35) 


N (kia) |-sin ¢, 


k,, H,, and [71,4 are given by (4), and 


where /¢4, 























Figure 6—A,/A» plotted against Aw. 


where 
wr] Ny (kya) Jy (Rib) — J 1'(k ya) Nyt kid) 
a? Nj (kya) 


b Ni(k,a) 


In 7 M-mode region 2, where b<r&c, apply 
(35) with WA | »A Kr, kiko, a 


where 


>C, and &;- >bo, 


K N,(kya)J (Rib) = J (kia) Ni (kid) ; Ni lk ) 
: J (kab) Ni (koe) ag Nilkob) J (koe) N, (ka )" 
6. Equivalent Dielectric Constant for TM, 
Mode 
The equivalent dielectric constant Sp for the 
composite line, in analogy with a homogeneous- 


dielectric coaxial line is defined as 


Ap No _ 1 &,2, (36) 


where A, is the phase wavelength in the composite 
dielectric and Xo is the free-space wavelength. 
The various constants of the problem entering 
into (36) may be interrelated to give 


dp/Ao = Aw/3'2(Ba) = 1/8, (37) 


where A =a/3’* X10" seconds for the problem 
under consideration, with @ in centimeters. A 
plot of A,/Ao versus Aw is shown in Figure 6. 

The usable frequency limit for the 7.19.9 mode 
alone is governed by the (/£,+-//,)i-ce<1) cutoff, 
As al- 


which was found to be at Aw'=0.671. 


ready pointed out, this is analogous to the solid- 


yn Ni(kia) J (Rib) — ha N EO) be 1 | 


coaxial-line behavior, where a nonsymmetrical 
(TE,,) mode is the governing factor. 

Figure 6 indicates that for the assumed values 
of m, n, and p, the factor &, is an increasing 
function of frequency. At the first higher-order- 
mode cutoff, it increases by about 5 percent, 
whereas at the second cutoff it has increased by 
33 percent above its low-frequency value. 


7. Analytical Evaluation of &, for Composite 
Line as o—0 


Equation (37) may be recast® into 
Ae (F 1 Ba \ ; 
Oy =(>-— =e 
&» Aw w—>0)- 


f Sut bey xf) (39) 
611 — Some he Jo ~ 


Now, 


ashes 


Whe Jy (Rob) Ny (Re )— Ny ( Rob) J ( Roe ) 
ff 3 
“ke? Ny’ (Roe) 


k? 


It may be shown that 


es 5 6 
( ) = Inn (5 In n+In m). (40) 
Aw wd ©2 O2 


Using (40), and (39) in (38), 


(&,/&2) In mn 


ee =, (41) 
(&,/8) Inn+In m 


go = 

&)= 

This is the low-frequency equivalent of the 

composite-line dielectric constant. It is identical 
to that derived on an electrostatic basis. 


8. Experimental Verification of &, for a 
Composite Line 


Actually, the measurement of equivalent prop- 
agation constant and equivalent dielectric 
constant of a composite coaxial section was per- 
formed before the theoretical Sections 1 through 
7 were developed. The dielectric selected was a 
sample of Pyralin. At the time the experimental 
work was done, the radio-frequency character- 
istics of unknown to the 


writer; therefore y(complex) and &(complex) of 


this dielectric were 


Pyralin were measured. 


® Derivations of (38), (39), and (40) are too lengthy to 
be given here; for particulars, refer to thesis. 
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Two methods were used, the Q method,’ and 
the impedance method with use of existing 
charts.*® In each method, the test line consisted of 
a nominal 50-ohm, 8-inch- (1.59-centimeter-) 
outside-diameter coaxial line, a calibrated stand- 
ing-wave detector, and the test sample. At 2200 
megacycles per second, the results are given in 


Table 1. An ‘‘average” value of &*/&) was used. 


TABLE 1 


MEASUREMENTS OF SOLID-PYRALIN-DIELECTRIC LINI 


Impedance 


| QO Method Method 


0.905 /84°30’ | 0.905 /83°45’ 
3.93/—11 3.93 / —12°30’ 
0.194 | 0.222 


y per Centimeter 
&*/8, 


tan 6 


Exactly the same procedure was followed for 
2200 
megacycles, the results given in Table 2 were 


the Pyralin-and-air compesite line. At 


obtained. 


TABLE 2 


MEASUREMENTS OF COMPOSITE 
PYRALIN-AND-AIR LINE 
<<a iia 

/ 
Impedance 


QO Method Method 


0.680 /87°40’ 
2.22/—4°40’ 


0.677 /87°15! 
5°30’ 
| 


y per Centimeter 


| 
| 


&,*/&>5 2.20 


The composite line had the following dimen- 


sions: 


a=().3175 centimeter, 6=0.579 centimeter, 
c=0.7125 centimeter, m=1.824, and n=1.23. 
The following information for Pyralin has 


been given :° 


f=2.2x10%, 8&’=3.9, and tané=0.16. 


The measured values were: 


&’ =3.93, and 
tan 6(average) = 0.208. 


f=2.2 X10, 


7J. C. Slater, ‘Microwave Transmission,” McGraw 
Hill Book Company, Incorporated, New York, New York; 
First Edition, 1942: page 35. 

8 Roberts and Van Hippel, ‘‘ New Method for Measure- 
ment of Dielectric Constant and Loss in the Range of 
Centimeter Waves,’ Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts; March, 1941. 

®“ Tables of Dielectric Materials,” Report V, Labora- 
tory for Insulation Research, Massachusetts Institute of 
Technology, Cambridge, Massachusetts; February, 1944. 
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Which data are the more reliable is impossible 
to determine, although it must be mentioned that 
precision apparatus was not employed, nor was 
the standing-wave-detector compensated for the 
presence of the slot. The discrepancy, however, 
is quite small. 

As regards the composite dielectric, measure- 
ments did not take into account the possible 
presence of any discontinuity susceptance. 
Further errors could be introduced if a higher- 
order mode were sustained in the composite line, 
together with the 7.9) mode. However, for the 
(m=1.824 (=2), n=1.23 
(~1.25), and a=0.3175 centimeters), the cutoff 
of the 
Aw'=0.67. 


Figure 5, the approximate value of 


dimensions used 


lowest higher-order mode occurs at 

From 
af is 1800 centimeters X megacycles per second 
or f=5660 megacycles; almost a 3:1 frequency 
safety margin as regards actual propagation of 
the next mode. 

The low-frequency approximation of &, for 
the experiment is 2.26/—5°. From Figure 5, 
with af = 700, we have Aw =0.26. Figure 6 shows 
that this corresponds to a matter of a few per- 
cent increase in &,, well within the experimental 
error, so that &,(2200) = 6&,(0) = 2.26. The meas- 
ured value, &,=2.21, is then in error by some 3 


percent. 


9. Conclusions 


It has been demonstrated that the composite 
line may be treated as a homogeneous coaxial 
structure whose effective dielectric constant 1s 
readily computed from electrostatic considera- 
tions to within a 5-percent error at the cutoff 
frequency of the next higher-order mode. 

Furthermore, the rather complex equations 
derived for the cutoff of the first higher-order 
mode need not be used since its cutoff frequency 
is identical to the homogeneous-line 7'/¢;;-mode 
cutoff when the dielectric constant of the homo- 
geneous line is the electrostatic equivalent of the 
composite line. 

It has been shown that even for moderately 
lossy dielectrics and for a limited frequency 
range, the composite line may be replaced by an 
equivalent homogeneous coaxial line sustaining 


a TEM mode. 





New Linear Passive Nonreciprocal Microwave 
Component* 


By LADISLAS GOLDSTEIN} and M. A. 


Circuit 


LAMPERT 


Federal Telecommunication Laboratories, Incorporated; Nutley, New Jersey 


TUDIES of propagation of guided micro- 
waves through an anisotropic electron gas 
have been in Federal Tele- 

Laboratories since the summer 


progress at 
communication 
of 1950. In the course of these studies, particular 
attention was paid to the case where the anisot- 
ropy was produced by a uniform constant mag- 
netic field permeating the 
medium in a direction parallel to the waveguide 


electron-gaseous 


axis. 

The study of propagation of electromagnetic 
waves through a dielectric medium made aniso- 
tropic in this way goes back quite far in the 
history of electromagnetism. Faraday, by send- 
ing plane-polarized light waves through a trans- 
parent medium of reasonably high refractive 
index with a magnetic field across it in the 
direction of propagation, discovered the effect 
bearing his name, which consists of rotation of 
the polarization plane of the light waves. 
Furthermore, he noted that the sense of rotation 
is the same for the reflected wave as for the 
incident wave. Thus, for example, a fixed ob- 
server noting a clockwise rotation of the incident 
wave would note an equal additional clockwise 


rotation of the reflected wave on its return 

* Reprinted from Proceedings of the IRE, volume 41, 
pages 295-296; February, 1953. The work discussed in this 
letter was sponsored by the Signal Corps Engineering 
Laboratories, Fort Monmouth, New Jersey. 

Since this letter was written and the necessary clearance 
obtained for publication, an article by C. L. Hogan, titled, 
“Ferromagnetic Faraday Effect at Microwave Frequencies 
and its Applications,” appeared in the Bell System Tech- 
nical Journal, volume 31, pages 1-31; January, 1952. This 
article describes a realization of Tellegen’s gyrator by 
means of the Faraday effect in a ferromagnetic medium. 
The Faraday rotations are produced in such a medium 
by interaction of the radio-frequency magnetic field with 
the medium. In mathematical terms, the permeability is a 
second-order tensor and the dielectric constant is a scalar. 
In the dielectric Faraday effect studied by us, the rotations 
are produced by interaction of the radio-frequency electric 
field with a free-electron gas; that is, the dielectric constant 
is a second-order tensor and the permeability is a scalar. 
\ very considerable practical advantage in the dielectric 
Faraday effect, as obtained in our experiments, is that the 
electron gas medium may itself be modulated or pulsed. 
In the ferromagnetic Faraday effect, only the magnetic 
field can practically be modulated 

+t Now with the University of Illinois 


through the medium. If the Faraday experiment 
and microwave fre- 
quencies, a behavior be observed that 
produces nonreciprocity when the signal trav- 


radio 
may 


is translated into 


erses the magneto-anisotropic medium between 
input and output terminals. Indeed, the failure 
of the various theorems when 
electrons in a magnetic field are involved is a fact 
long familiar to students of electromagnetic phe- 
nomena in the ionosphere. 

We have performed Faraday-type experiments 
with waves launched in the linearly polarized 
TE; mode in a circular waveguide at frequencies 
in the range of 4600 to 5500 megacycles, the 
dielectric being the electrons present in the 


reciprocity 


plasma of a gas discharge. The composite ele- 
ment, consisting of a section of waveguide with 
an electron-gas generating tube inside it and 
with a magnetic field generator surrounding the 
whole, may be referred to as a ‘“‘magneto-optic”’ 
component. For magnetic fields not too near 
that field corresponding to electron gyroreso- 
nance with the signal frequency, not only were 
the expected Faraday rotations obtained, but 
they were of quite large magnitude. The results 
of our experiments were summarized in two brief 
publications.'? It is evident, in view of the 
preceding discussion, that the magneto-optic 
component that produces these rotations con- 
stitutes a linear passive® nonreciprocal microwave 
circuit element, which is furthermore an elec- 
tronic element. This was pointed out by us in our 


1L. Goldstein, M. A. Lampert, and J. F. Heney, 
““Magneto-Optics of an Electron Gas with Guided Micro- 
waves,” Electrical Communication, volume 28, pages 233 
234; September, 1951: also, Physical Review, volume 82, 
pages 956-957; June 15, 1951. 

2L. Goldstein, M. A. Lampert, and J. F. Heney, 
““Magneto-Optics of an Electron Gas for Guided Micro- 
waves: Propagation in Rectangular Waveguides,” Elec- 
trical Communication, volume 28, page 322; December, 
1951: also, Physical Review, volume 83, page 1255; 
September 15, 1951. 

§ Although power is required for production of a free- 
electron gas, the device is passive insofar as interaction 
of the free electrons, which lack any significant drift 
velocity, and the propagating microwave signal is con- 
cerned. 
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presentations of these results at the Eleventh 
Annual Conference on Physical Electronics at 
the Massachusetts Institute of Technology in 
March, 1951 and at the Electron Devices Con- 
ference of the Institute at the University of New 
Hampshire in June, 1951. In addition, we pointed 
out a particularly cogent application of such a 
component exploiting its nonreciprocal nature, 
namely, as a lossless buffer between a signal 
source and its load, completely independent of 
reflections at the load (this being accomplished 
by a 45-degree rotation of the plane of polariza- 
tion of the signal in the component). 

Recently our attention has been called to two 
articles by Tellegen*® bearing on the general 
problem of constructing linear passive non- 
reciprocal network elements. To relate his work 
to ours, We may note that the Maxwell equations, 

‘B. D. H. Tellegen, “The Gyrator, a New Electric 
Network Element,” Philips Research Reports, volume 3, 
pages 81-101; April, 1948. 

5B. D. H. Tellegen, ‘The Synthesis of Passive Resist- 
anceless Fourpoles that May Violate the Reciprocity 


Relation,” Philips Research Reports, volume 3, pages 321 
337; October, 1948. 


June 19530 © ELECTRICAL COMMUNICATION 


as modified by the presence of electrons in a 
constant magnetic field, are contained implicitly 
in his equations (33) of the gyrator article. The 
modification of the Maxwell 
precisely the replacement of the scalar dielectric 
by a second-order tensor dielectric 
““constant,’’ the parts of which depend 
on the magnetic flux density. Tellegen, however, 


equations are 


constant 
‘new”’ 


did not pursue the case of anisotropy in a di- 
electric because voltage step-up is unobtainable 
in such a medium.® 

Though, indeed, our magneto-optic com- 
ponent is simply a one-to-one voltage trans- 
former, it still is an eminently realizable linear 
passive nonreciprocal microwave circuit com- 
ponent. It is furthermore a completely electronic 
element in that the electron-gaseous medium can 
itself be modulated or pulsed on and off. Further- 
more, one can visualize the nonreciprocal char- 
from its rotation 


acter of the device directly 


properties without recourse to mathematical 


discussion. 


® He discusses this on page 99 of reference 4. 
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